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ABSTRACT

IDENTIFICATION AND CHARACTERIZATION OF PHOTORHABDUS TEMPERATA
MUTANTS ALTERED IN CELL SURFACE AND SYMBIOSIS
by
Cintia R. Felix
University of New Hampshire, December 2011
Photorhabdus temperata forms a mutualistic association with the entomopathogenic
nematode Heterorhabditis bacteriophora. Nematode growth and development has an
obligate requirement for the bacterial symbiont. The objective of this study was to identify
and understand cell surface properties that are required for symbiosis. A previously
generated library of 10,000 P. temperata transposon mutants was screened for altered
surface properties via a calcofluor dye-binding assay. Seventeen mutants were identified
and tested in vitro for symbiosis. Key mutants were tested for symbiosis and insect
pathogenesis in vivo with Galleria mellonella larvae. Five mutants showed at least a 10-fold
decrease of IJ yield. Four of the 5 defective symbiosis mutants had mutations in genes
associated with cell surface properties. These results imply that cell surface components are
required for symbiosis.

viii

CHAPTER I

INTRODUCTION

Biological Control Agents
Every year, about 3 million tons of chemical pesticides are used worldwide,
including herbicides, insecticides, and fungicides. Combined, these pesticides are
composed of over 1,600 different chemicals (Horrigan et al, 2002).

Although

chemical pesticides are advantageous due to their relatively inexpensive cost and
ease of use, it has been estimated that only 0.1% of applied pesticides reach the
target pests, while the rest negatively affects the environment (Horrigan et al,
2002). These pesticides can kill beneficial insects and birds, causing a widespread
decline in these populations which in turn lead to a balance disruption in the
environment.
Since chemical pesticides can seep into food and water supplies, they
produce short- and long-term effects on human health as well. Pesticide runoff and
the aerial application of pesticides pollute groundwater and surface waters. The
United Nations has estimated that each year, pesticides cause 2 million poisonings
and 10,000 deaths (Quijano et al, 1993). Long-term effects of pesticides include
increased risk of cancer, and negative effects on the body's reproductive, immune,
endocrine, and nervous systems (Raloff, 1996).
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Because of the pressure for reduction of chemical pesticide usage is on the rise, the
use of biological control agents is becoming more popular. One type of effective
biological control agents is entomopathogenic nematodes, which are naturally
occurring agents of insect population control. They are especially potent against
insects in soil and cryptic habitats (Hazir et al, 2003).

Entomopathogenic

nematodes provide many advantages over chemical pesticides. These nematodes
target insects, and thus vertebrates, plants, and other non-target organisms remain
unharmed. In addition, entomopathogenic nematodes do not seep into food and
water supplies (Lacey et al, 2001). Since the nematodes can bear pressures up to
2,000 kPa, application of nematodes can be done via spray tanks, helicopter, or
irrigation

systems

(Ehlers,

1996). Entomopathogenic

nematodes

are

also

compatible with many chemical and other biological pesticides (Hazir etal, 2003).
The two most studied genera of entomopathogenic nematodes are Steinernema
and Heterorhabditis, which harbor the symbiotic bacteria Xenorhabdus spp. and
Photorhabdus spp. respectively, within their guts. The nematode enters the host,
and subsequently regurgitates the bacteria into the insect's hemocoel. The bacteria
kill the insect usually within 48 h, and convert the insect into a nutrient soup for the
nematode. After several rounds of nematode reproduction, the nematodes retain
their symbiotic bacteria and exit the insect cadaver (ffrench-Constant et al, 2003).
The Photorhabdus-Heterorhabditis partnership targets mainly insects in the orders
Coleoptera and Lepidoptera (Lacey et al, 2001). The nematodes are currently sold
as biological control agents in sponge, clay, dispersible granule, or nematode wool
formulations (Kaya et al, 2006).
2

The Photorhabdus-Heterorhabditis

Alliance

Heterorhabditis nematodes undergo several developmental stages, which
consist of the egg, four larval stages called Jl, J2, J3, and J4, followed by an adult
stage. These nematodes also go through an alternate J3 larval stage called infective
juvenile (IJ), which is the soil-dwelling, non-feeding form of the nematode (Ciche et
al, 2006). The nematode-bacteria association is highly specific; the nematodes
usually require its exact affiliated bacterial strain (Waterfield et al, 2009). The life
cycle starts and ends with infective juveniles in the soil (Figure 1), and is divided
into three stages (Forst and Clarke, 2002).
Stage I - In stage I, the IJs carry Photorhabdus inside the anterior region of their
intestine (Ciche and Ensign, 2003). H. bacteriophora IJs are cruise foragers, which
are highly mobile and actively seek their insect prey (Gaugler et al, 1997). The IJs
enter the larval stage of a diverse range of insects through a natural opening or
cutting through the cuticle with a tooth-like appendage, gaining access to the
hemocoel (Forst and Clarke, 2002).

Stage II (early) - The early phase of stage II begins once the IJs reach the
hemolymph.

Uncharacterized molecules present in the hemolymph stimulate IJ

recovery, a process in which the IJs resume their developmental larval stages (Ciche
et al, 2006; Waterfield et al, 2009). The IJs shed the cuticle that maintains them in
the non-feeding, environmentally resistant state. Regurgitation of the bacteria into
the hemolymph is followed by 0.5 to 5 h after shedding (Ciche and Ensign, 2003).
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In the hemolymph, the nematodes and their bacterial symbionts need to
overcome the insect's innate immune system, which includes a peptide-mediated
immune response made of a variety of antibacterial peptides (ffrench-Constant et
al, 2003). Once the nematode-bacteria complex is recognized as non-self, the insect
hemocytes will either phagocytose or encapsulate the invaders. Encapsulation leads
to melanization, a response mediated by phenoloxidase that deposits melanin to the
encapsulated organisms and causes free radical damage (ffrench-Constant et al,
2003; Waterfield et al, 2009).
The nematodes and bacteria are able to counteract insect immunity through
collaboration. Nematodes inhibit the pro-phenoloxidase cascade, which is required
for non-self recognition and melanization (Ciche et al, 2006).

Photorhabdus

releases numerous defense factors, including toxins that induce apoptosis in insect
immune cells, proteases that destroy antibacterial peptides, and a protein
transported via Type Three Secretion System that inhibits phagocytosis (Clarke,
2008; ffrench-Constant et al, 2003). In addition, a major Photorhabdus secondary
metabolite

was

identified

as

a

stilbene

(ST),

named

3,5-dihydroxy-4-

isopropylstilbene, that inhibits the activity of phenoloxidase (Joyce et al, 2008;
Clarke, 2008). The bacteria produce a number of virulence factors that rapidly
destroys the insect gut. Three major toxins that facilitate this process have been
identified as toxin complex A (Tea), metalloprotease PrtA, and the multidomain
Mcfl toxin (Waterfield et al, 2009). With all the virulence factors combined, the
insect typically dies within 48-72 h postinfection (Daborn et al, 2001).
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Stage II (late) - Once the insect is dead, the bacteria reach stationary phase and
secrete a number of hydrolytic enzymes to degrade macromolecular structures of
the larva, in a process called bioconversion.

Proteases, lipase, phospholipase,

DNases, and other enzymes convert the insect carcass into a nutrient soup that
supports the nematode growth and development (Daborn et al., 2001; Bowen et al,
2003; Meslet-Cladiere et al, 2004). The nematodes feed on the bioconverted insect
and on Photorhabdus.

Interestingly, Photorhabdus produce large amounts of iso-

branched-fatty acids (BCFAs), which are likely to play a role in the nematode
development. Caenorhabditis elegans produce their own BCFAs, which are highly
involved in their development. It is possible that Photorhabdus encode the genes for
BCFAs as an adaptation to symbiosis (Waterfield et al, 2009). When the nematodes
ingest their symbionts, some bacterial cells adhere to the posterior intestine of the
nematodes through biofilm formation. The adhered bacteria then migrate into three
rectal gland cells, where they replicate inside of vacuoles (Waterfield etal, 2009).
While the nematodes feed, Photorhabdus secrete a variety of molecules to
prevent insect putrefaction by microorganisms, and to repel other insect
scavengers. Photorhabdus produces a range of antibiotics, including anthraquinone
derivatives, genistine, a furan derivative, and a phenol derivative, to prevent the
growth of competing microorganisms in the insect cadaver (Hu and Webster, 2000).
In addition, the stilbene produced by Photorhabdus shows strong antibacterial and
antifungal properties (Waterfield et al, 2009). To prevent other nematodes from
invading the insect cadaver, Photorhabdus produces indole, which kills plant- and
fungal-feeding nematodes, and paralyzes other entomopathogenic nematodes (Hu et
5

al, 1999). Ants are one of the most commonly seen insects that forage on insects
killed by entomopathogenic nematodes. Photorhabdus produces an ant deterrent
factor that helps the cadavers to remain intact (Baur et al, 1998).
During growth in the insect cadaver, the J4 stage larvae develop into adult
hermaphrodites. The adults may lay the eggs outside, or allow the eggs to hatch in
their adult bodies. When nutrients are abundant, the eggs mostly hatch outside,
undergo all larval stages, and develop into adults (Ciche et al, 2006). For 7 to 21
days, the nematodes typically go through 2 to 3 rounds of reproduction before
nutrients become scarce.
Stage III - As nutrients become scarce, the adults allow the eggs to hatch inside of
the uterus, in a process termed endotokia matricida. The Jl larvae feed on the adult
body contents and retain the symbiotic bacteria that grew in the adult rectal gland
cells, consequently developing into IJs (Ciche et al, 2006; Waterfield et al, 2009).
The IJs can then exit the insect carcass and search for a new insect host in the soil.
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Host infection ^ B
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Figure 1. Photorhabdus-Heterorhabditis life stages. IJs actively seek out an insect
prey. Once inside of the insect host, IJs regurgitate bacterial cells into the
hemolymph. Photorhabdus cells reproduce and kill the insect host, usually within
48 h. IJs resume their developmental stages, turning i nto adults and reproducing
inside of the insect carcass. Once nutrients become scarce, Photorhabdus cells
colonize the IJs, which in turn exit the insect host.

7

Photorhabdus Species
Photorhabdus species belong to the family Enterobacteriaceae.

They are

Gram negative rods, motile, bioluminescent, facultative anaerobes (Boemare, 2002).
There are currently three known species of Photorhabdus: P. luminescens, P.
temperata, and P. asymbiotica (Fischer-Le Saux et al, 1999). The complete genome
sequences of P. luminescens strain TT01 (Duchaud et al, 2003) and P. asymbiotica
strain ATCC43949 (Wilkinson etal, 2009) are available. The complete genome of P.
temperata strain NC19 is currently being finished (L.S. Tisa, unpublished data).
All three species form symbiosis with entomopathogenic nematodes of the
genus Heterorhabditis.

P. luminescens

strains have been isolated from H.

bacteriophora and H. indica, while P. temperata strains are mostly found in H.
bacteriophora

and H. megidis

nematodes

(Fischer-Le Saux et al,

1999).

Interestingly, P. asymbiotica is capable of infecting both insects and humans. This
bacterial species has been isolated from human clinical specimens in the United
States in 1989 and in Australia in 1999 (Peel etal, 1999). In addition, P. asymbiotica
can form symbiosis with H. gerrardi and complete its life cycle in insects (Gerrard et
al, 2006). Bacterial species of Xenorhabdus are closely related to Photorhabdus spp.,
and are found in Steinernema species of nematodes (Boemare, 2002).
Photorhabdus exists in two phenotypic variants, referred to as primary and
secondary (Akhurst, 1980). Although both variants are pathogenic to insects, the
primary form is the one generally isolated from the infective juvenile stage of the
nematode, while the secondary variant cannot support nematode growth and
development (Forst et al, 1997; Waterfield et al, 2009). The primary variant often
8

converts into secondary during prolonged culturing in the lab, especially with lack
of oxygen or low osmolarity (Krasomil-Osterfeld, 1995). Culturing Photorhabdus
under microaerophilic conditions in an unshaken broth will induce phase variation,
as well as culturing the bacteria in low osmolarity medium for 24 h (Hu and
Webster, 1998; Krasomil-Osterfeld, 1995; Forst et al, 1997).

The phenotypic

variation of Photorhabdus is generally thought to be unidirectional, but KrasomilOsterfeld (1995) reported reversion from the secondary variant to the primary
variant after 24 h incubation under increased osmolarity of liquid medium.
Although the purpose of the secondary variant is not fully understood, it is
thought to be the free-living form of the bacterium, as the secondary variant is
better adapted to starvation conditions than the primary variant (Smigielski et al,
1994; Forst et al. 1997).

Primary and secondary variants of Photorhabdus

subcultured from the complex LB medium into minimum medium A show different
growth patterns (Smigielski et al, 1994). The lag period of primary cells lasted 1214 h, while the secondary cells reached exponential phase less than 4 h after being
subcultured. In addition, the secondary variants were more effective at scavenging
nutrients under starvation conditions. Since the secondary form has a shorter lag
period, it is more suitable for living in the soil, where it has to compete with other
soil-dwelling organisms (Smigielski et al, 1994).
The two variant types can be distinguished from each other through a variety
of phenotypic traits including production of light, proteins, and metabolites
(Akhurst 1980).

The primary variant cells are bioluminescent, larger than

secondary cells, form pigmented mucoid colonies, and produce crystalline proteins.
9

The secondary variant cells form non-pigmented, non-mucoid colonies, and
bioluminescence is not detected. In addition, higher levels of antibiotics, lipases,
proteases, and phospholipases are seen in the primary variant than in the secondary
(Akhurst, 1980; Bintrim and Ensign, 1998; ffrench-Constant et al 2003). Many of
the primary-specific phenotypes are associated with cell surface, such as secretion
of extracellular proteins, and the presence of pili and glycocalyx (Forst etal, 1997).
The simplest way to distinguish primary and secondary cell surface properties is
through differential dye-binding in certain media (Akhurst, 1980). The primary
variant is able to swim under oxic and anoxic conditions, while the secondary
variant is only motile under anoxic conditions (Hodgson etal, 2003).
Genetically, both variants were shown to have 100% DNA relatedness
through DNA hybridization (Boemare et al, 1993). Studies with restriction digest
and Southern cross showed that the organization of the chromosome is also the
same in primary and secondary cells (Akhurst et al 1992). Thus, the mechanism of
the phenotypic switch is still not fully known. One gene with homology to hexA from
Erwinia carotovora is required for maintaining the secondary variance in the cell. A
study showed that knocking out the hexA homologue from a secondary variant
restores its primary phenotypes (Joyce and Clarke, 2003). In addition, the hexA
mutant also gained the ability to support nematode growth, indicating that primary
phenotypes are required for symbiosis with nematodes (Joyce and Clarke, 2003).
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The Role of Photorhabdus Cell Surface Components in Symbiosis
Certain bacterial cell surface properties are essential for a successful
symbiosis with the nematodes.

The genome sequence of P. luminescens TT01

predicts many genes potentially involved in the bacterial-host interaction, such as
several classes of adhesions and 11 clusters of fimbrial genes, including type IV pili
(Bennett and Clarke, 2005).
Two studies reported the importance of the pbgPE operon on symbiosis,
which is involved in 0 antigen biosynthesis and production of L-arabinose, including
its ligation onto the lipid A portion of the LPS (Bennett and Clarke, 2005; Easom et
al, 2010). Mutants defective in the pbgEl and E3 genes are unable to colonize the
gut of the nematodes, indicating that the pbgPE operon is involved in either the
ability of the bacteria to attach to the nematode gut wall, or the persistence in the
gut after attachment (Bennett and Clarke, 2005; Easom et al, 2010).
Three genes have been determined to improve the ability of the bacteria to
colonize nematodes. Like the pbgPE operon, genes galU and galE are also involved
in O-antigen production in Photorhabdus. Mutants with changes in either of those
genes presented very low transmission frequencies (Easom et al, 2010). The asmA
gene product is a localized outer membrane protein. Mutations in asmA result in
lower levels of LPS, as well as lower transmission frequencies (Easom etal, 2010).
Fimbriae are normally present in many pathogenic bacteria to allow receptor
recognitions present on host cells. Some Photorhabdus strains produce a type of
fimbria encoded by the mad locus that is essential for symbiosis, but not for
pathogenesis.

This locus was found to be necessary for the transmission of
11

Photorhabdus from the maternal nematodes to the IJs, and it is regulated by
phenotypic variation (Somvanshi et al, 2010).

In addition, amino acid sequence

divergence within the Mad fimbrial proteins may be involved in symbiosis host
specificity. P. temperata NCI has amino acid sequence identity of over 80% in all
Mad fimbrial proteins, except for MadA. This P. temperata strain can colonize both
H. bacteriophora TT01 and NCI. However, P. asymbiotica ATCC43949 shows more
divergence in MadC, D, E, and I fimbrial proteins. P. asymbiotica forms symbiosis
with H. gerrardi, and are not known to colonize H. bacteriophora. The mad locus is
absent on P. temperata ssp. temperata XINach, which forms symbiosis with H
megitisand notH. bacteriophora nematodes (Somvanshi etal, 2010).
Since biofilms are likely to be involved in the persistence of Photorhabdus
cells within the nematode, several studies have been done to understand the role of
biofilm formation in symbiosis. During biofilm formation, bacterial cells attach to a
surface using a matrix of polysaccharides, mainly extracellular polysaccharides
(EPS), to form mature community structures (Amos et al,

2011).

The

phosphomannose isomerase gene manA is involved in EPS production. A mutant
defective in manA expression is still able to attach to surfaces, but is not capable of
forming a mature biofilm (Amos et al, 2011).

Interestingly, the transmission

efficiency of manA mutants in the nematode is not negatively affected, suggesting
that EPS-mediated biofilm formation is not required for a successful symbiosis
(Amos et al, 2011).

Another recently studied protein involved in bacterial

attachment is the Photorhabdus adhesion modification protein (Pam). A mutation in
Pam affects bacterial initial surface attachment, as Pam binds to EPS (Jones et al,
12

2010).

However, as with manA gene, it does not negatively affect bacterial

transmission efficiency and nematode growth (Jones etal, 2010).
Although expression of manA and pam does not affect symbiosis, the purl
gene involved in biofilm formation does.

In Photorhabdus, the purl gene is

upregulated during persistence of the bacterial cells in the nematodes (An and
Grewal, 2011). Bacterial mutants unable to express purL grown in nutrient broth
cannot persist inside of the nematodes, and consequently cannot support nematode
growth and reproduction (An and Grewal, 2011).
Research Background and Goals
A P. temperata NC19 mutant library was previously generated via transposon
mutagenesis. The delivery vector pUB394 containing a mini-Tn5 transposon with a
kanamycin resistance gene (Ciche et al, 2001) was used, yielding 10,000 primaryvariant mutants (Michaels, 2006). The P. temperata library has been screened for
phenotypic changes that could consequently affect pathogenesis and symbiosis. The
library was screened for motility changes (Michaels, 2006), lack of antibiotic activity
(Hurst and Tisa, unpublished data), altered hemolysis (Chapman and Tisa,
unpublished data), and calcofluor-binding (Janicki, Gately, and Tisa; unpublished
data).
The primary goal of this research was to identify genes that are involved in
the P. temperata symbiosis with the nematode H. bacteriophora. The first aim was
to identify mutants from the library that were defective in symbiosis.

Because

symbiosis tests are very time-consuming, screening 10,000 mutants is impractical.
As a first step to minimize the number of mutants screened for symbiosis, the
13

mutant library was re-screened for cell surface changes indicated by calcofluorbinding. Calcofluor white is a dye that fluoresces under UV light and binds to acidic
residues of exopolysaccharides of the cell surface (Leigh et al, 1985). This dye has
been used in previous studies to show cell surface changes in Myxococcus xanthus
(Ramaswamy et al, 1997) and in Rhizobium melioti (Leigh et al, 1985). In the latter
experiment, Rhizobium mutants were screened for lack of exopolysaccharide
production; those that could not produce EPS could not form an effective symbiosis
with its host plant.
As with Rhizobium, we believe that certain cell surface changes in
Photorhabdus can be detected through calcofluor-binding. The primary form of P.
temperata wild type does not bind to calcofluor, while the secondary form does.
Therefore, primary variant mutants that gain the ability to bind calcofluor could
potentially be unsuccessful in nematode interactions. Identified calcofluor-binding
mutants were used for symbiosis tests with the nematodes.
The second aim of the research was to physiologically and genetically
characterize the calcofluor-binding mutants. Lastly, the third aim was to genetically
complement one of the mutants that showed diminished capacity to support
nematode growth.

14

CHAPTER II

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
For this study, primary and secondary phenotypic variants of Photorhabdus
temperata strain NC19 (ATCC29304) were used along with a mini-Tn5 mutant
library of primary-variant cells that was previously generated (Michaels, 2006).
Table 1 lists all bacterial and nematode strains and plasmids used in this study. Cells
were grown and maintained in Luria-Bertani (LB) medium ( 1 % Bacto-tryptone,
0.5% yeast extract, 0.5% NaCl) supplemented with 25 ug/ml kanamycin when
needed.

Screening of Transposants for Cell Surface Changes
The mutant library was screened for cell surface changes by the use of a
calcofluor-binding assay. Calcofluor white is a dye that fluoresces under UV light
and binds to acidic residues of exopolysaccharides of the cell surface (Leigh et al,
1985). The -80°C stored transposants were replica plated into 96-well microtiter
plates containing LB medium with 20 mg/1 fluorescent brightener 28 (SigmaAldrich, St. Louis, MO). After incubation at 28°C for 72 h, the microtiter plates were
centrifuged at 2,885 x g for 15 min. The pellets formed in the plate wells were
exposed to UV light and calcofluor binding was detected visually by observing

15

increased fluorescence. Putative mutants were confirmed by streaking onto
individual LB-calcofluor agar plates ( 1 % Bacto-tryptone, 0.5% yeast extract, 0.5%
NaCl, 2% Bacto-agar, 20 mg/1 fluorescent brightener 28), which were exposed to UV
light after a 72-h incubation.

Mutants were further purified and confirmed by

isolation streaking on LB-calcofluor plates. Overnight liquid cultures of the purified
confirmed mutants were suspended in 30% glycerol and stored at -80°C for further
study.
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Table 1. Strains and plasmids used in this study
Strain or Plasmid
Bacterial Strains
Photorhabdus temperata
NC19 1° (ATCC29304)
NC19 2° (ATCC29304)
Meg/1
UNH9A24
UNH9A72
UNH1892
UNH2033
UNH2202
UNH3176
UNH3252
UNH3616
UNH3619
UNH4115
UNH4363
UNH4791
UNH5505
UNH6032
UNH7138
UNH7188
UNH8631
Escherichia coli
DH5a
TOP10
Micrococcus luteus

Genotype or Relevant Characteristics

Source or Reference

Wild type; primary variant; calcofluor -; H. bacteriophora isolate Fischer-Le Saux, 1999
Wild type; secondary variant; calcofluor +
Fischer-Le Saux, 1999
Wild type; primary variant; H. megitis isolate
Poinar et al, 1987
Calcofluor +/-; KanR
Michaels, 2006
R
Michaels, 2006
Calcofluor +; Kan ; Defective symbiosis
R
Calcofluor +; Kan
Michaels, 2006
R
Michaels, 2006
Calcofluor +; Kan
R
Michaels, 2006
Calcofluor +; Kan ; Defective symbiosis
R
Michaels, 2006
Calcofluor +/-; Kan
Michaels, 2006
Calcofluor +/-; KanR
R
Michaels, 2006
Calcofluor +; Kan ; Defective symbiosis
Calcofluor +/-; KanR
Michaels, 2006
R
Calcofluor +; Kan
Michaels, 2006
Michaels, 2006
Calcofluor +; KanR
R
Michaels, 2006
Calcofluor +/-; Kan
Michaels, 2006
Calcofluor +/-; KanR
R
Michaels, 2006
Calcofluor +; Kan
Michaels, 2006
Calcofluor +; KanR; Defective symbiosis
R
Calcofluor +; Kan ; Defective symbiosis
Michaels, 2006
R
Calcofluor +; Kan
Michaels, 2006
Cloning strain
Cloning strain
Indicator culture

Laboratory stock
Invitrogen
Laboratory stock

Table 1 Continued
Strain or Plasmid
Genotype or Relevant Characteristics
Nematode Strain
Heterorhabditis bacteriophora Strain NCI; P. temperata symbiont

P. Stock

Plasmids
pUB394
pCR2.1-TOPO
pBAD18-Cm
pCFl

Ciche, 2001
Invitrogen
Guzman, 1995
This study

Mini-Tn5 delivery vector; KmR, SmR, SpR, sucroses
Cloning vector; AmpR, KmR
Vector; arabinose-inducible promoter; CmR
pBAD18-Cm containing pte4077

Source or Reference

Physiological Characterization
Phenotypic assays were performed on calcofluor-binding mutants to
distinguish between primary and secondary variants.
Dye Binding - Cell surface changes of the calcofluor-binding mutants were further
characterized by differential dye absorption. Strains were grown at 28°C for 48-72
h on differential media, including MacConkey (Difco Laboratories, Sparks, NJ), Eosin
Blue (EB) [2% Proteose Peptone 3 (Difco Laboratories), 2% Bacto-Agar (Difco
Laboratories), 0.4% eosin Y, 0.067% methylene blue], and NBTA [Nutrient Agar
(Difco Laboratories), 0.0025% bromothymol blue, 0.04% 2,3,5-triphenyltetrazolium
chloride]. On MacConkey plates, the primary variant cells bind to neutral red,
generating red or purple colonies, while the secondary variant colonies appear offwhite. The primary variant colonies have a green metallic sheen on EB plates, and
the secondary variant colonies appear purple.

Primary variant cells absorb

bromothymol blue on NBTA plates, resulting in green colonies, while secondary
variant colonies appear red due to the reduction of triphenyltetrazolium chloride
(Akhurst, 1980).
Extracellular Enzyme Activities - The calcofluor-binding mutants were tested for
DNase, protease, lipase, siderophore, and hemolysis activities as described
previously (Hodgson et al, 2003; Akhurst, 1980).
DNase - Commercial DNase test agar with methyl green (Difco Laboratories)
was used to determine DNase activity, indicated by a clear halo surrounding
bacterial growth. Overnight cultures were spot-inoculated (2 uJ) onto the agar, and
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incubated at 28°C for 48 h.

The radius of each clearing zone was measured.

Although both phenotypic variants produce DNase, the secondary variant exhibits a
smaller clearing zone.
Protease - Protease activity was determined via the gelatin assay using
protease test agar (2.3% Nutrient agar, 1.2% gelatin). In this medium, protease
activity causes a clearing zone around bacterial growth.

Two microliters of

overnight cultures were spot-inoculated onto the agar. The radii of clearing zones
were measured after incubation at 28°C for 48 h. Both phenotypic variants show
protease activity in this assay, but the secondary variant presents a smaller clearing
zone.
Lipase - Lipase activity was tested on Spirit Blue agar (Difco Laboratories)
containing lipase reagent (Difco Laboratories), which results in a yellow-green
clearing zone around bacterial growth. Overnight cultures were tested by spotinoculation (2 ul) onto the agar, and incubated at 28°C for 48 h. The primary variant
shows lipase activity, while the secondary does not.
Siderophore - Siderophore activity was tested on chrome azurol S (CAS)
agar (Schwyn and Neilands, 1987). Overnight cultures (2 ul) were spot-inoculated
onto the agar and incubated at 28°C for 48 h. The radii of clearing zones were
measured after incubation. Both phenotypic variants show siderophore activity in
this assay, but the secondary variant presents a smaller clearing zone.
Hemolysis - Blood agar plates [T-soy (EM Science, Darmstadt, Germany), 2%
Bacto agar, 5% sheep's blood] were used to determine hemolysin activity. Overnight
cultures were spot-inoculated onto the agar and incubated at 28°C. Plates were
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observed after 72 h for the presence of annular hemolysis. The primary variant
forms an annular hemolysis pattern, and the secondary variant is unable to lyse
blood.

Motility Assays

- Both swimming and swarming motility were determined.

Swimming activity was tested via the swim-migration assay (Hodgson et al, 2003).
An individual colony of each strain was stabbed into swim plates ( 1 % peptone, 0.5%
NaCl, 0.25% Bacto agar). In this assay, bacteria swim through the medium, forming
a "swim migration ring". The ring diameter was measured at 24 and 48 h. Swarming
behavior was determined by the swarm migration assay (Michaels and Tisa, 2011).
Briefly, 2ul overnight cultures were spot-inoculated onto swarm plates (2%
proteose peptone 3, 0.5% NaCl, 0.65% Bacto agar). The diameter of swarm rings
were measured at 24 and 48 h.
Antibiotic Activity

- Antibiotic activity was assayed using 5-mm plugs from

bacterial lawns of P. temperata strains that were grown at 28°C for 72 h on PP3 agar
medium (2% proteose peptone 3, 0.5% NaCl, 2% Bacto agar). The plugs were
placed onto LB agar that had been inoculated with Micrococcus luteus as the
indicator strain. The radii of zones of inhibition were measured after 24 h of
incubation at 37°C.
Growth Assay - Overnight cultures were diluted to an OD595 of 0.1 in LB medium or
lipid broth [0.8% T-soy (EM Science), 0.2% MgCl2-6H20, 0.2% corn oil, 0.7% Karo
Dark Corn Syrup]. Replicates of six were transferred into a 96-well microtiter plate,
which was placed into the Tecan plate reader with Magellan software (Tecan Group,
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Ltd., Switzerland). The microtiter plate was incubated at 28°C for 24 h with shaking,
and the OD595 was measured every 30 min. The average of OD595 values and
standard deviation for each strain were determined and plotted versus time. To
detect any growth defects, the exponential phase of each mutant was compared to
parental wild type and a secondary variant.

Bacterial Adhesion Assay - Overnight cultures were diluted to an OD595 of 0.01 in
LB broth. Replicates of six (150 ul) were transferred into three 96-well microtiter
plates, which were incubated at 28°C for 24, 48, and 72 h. After each incubation
period, the OD595 measurements were taken from a single plate using a Tecan
Infinite 200 plate reader with Magellan software (Tecan Group, Ltd., Switzerland).
Unbound cells and media were removed by inversion, and adhered cells were heatfixed at 80°C for 30 min. The heat-fixed cells in each well were stained with 200 pi
0.01% crystal violet for 20 min at room temperature. Crystal violet was removed by
inversion and rinsed four times with distilled water. After drying by inversion for 2
min, the cells in each well were destained for 15 min with 200 pi destain solution
(80% ethanol, 20% acetone, v/v). The microtiter plate was shaken for 10 s in the
plate reader, and A595 values were measured.

The average of A595 values and

standard deviation for each strain were determined and plotted versus time. To
detect any biofilm defects, A595 values of each mutant were compared to parental
wild type and a secondary variant.

Fourier Transform Infrared Spectroscopy Analysis - Cell surface properties were
analyzed through Fourier transform infrared (FT-IR) spectroscopy.
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Bacterial

cultures were grown overnight at 28°C, and harvested by centrifugation at 1,940 x g
for 10 min at 4°C. The cells were washed three times with cold sterile water, and
the pellets were chilled at -80°C for 2 h. The cells were immediately lyophilized in a
FreeZone Plus 6 Freeze Dry Systems (Labonco, Kansas City, MO) overnight. The
lyophilized cells were homogenized and placed in a Nicolet iS 10 FT-IR
Spectrometer (Thermo Fisher Scientific, Waltham, MA) for data collection at the mid
IR spectrum (between 4,000 and 525 cm 1 ).

Triplicates of each sample were

measured in absorbance mode, corrected with a linear baseline, and averaged with
the OMNIC software (version 8.0).

Propagation of Axenic Nematodes
A modified method of Ciche et al. (2001) was used for nematode propagation.
Heterorhabditis bacteriophora NCI IJs were grown axenically in the presence of the
P. temperata strain Meg/1. This bacterial strain was isolated from Heterorhabditis
megitis, and H. bacteriophora IJs will grow and develop with P. temperata Meg/1
strain cells.

However, because P. temperata

Meg/1 is not specific to H.

bacteriophora, the IJs do not retain the bacteria, and are thus axenic (Han and Ehlers
2000). Overnight cultures of P. temperata Meg/1 were plated on lipid agar medium
(0.8% T-soy broth, 1.5% Bacto agar, 0.2% MgCl2*6H20, 0.7% Karo Dark Corn Syrup,
0.2% pure corn oil) and incubated at 28°C for 72 h. Approximately 10-15 IJs were
added to the plate and incubated at 28°C for 10 to 15 days. IJs were lifted from the
agar by adding 10 ml of sterile water onto the plate and allowed to sit for 10 min at
room temperature. Once the water containing nematodes was collected, the
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nematodes were allowed to settle, and were washed with water three times. The
nematodes were added to a 40 mm cell strainer in a Petri dish filled with sterile
water, and incubated overnight at room temperature to separate the IJs from the
adult nematodes. Standing water with IJs was collected and centrifuged at 4,000 x g
for 6 min. The IJ pellet was resuspended in 2% bleach for surface sterilization and
incubated for 15 min. Surface-sterilized IJ pellets were washed four times with
sterile water to remove the bleach. To confirm the axenic nature of the nematodes
and surface sterilization, approximately 10 IJs were homogenized in 500 pi sterile
water using a microtissue grinder. The homogenate was plated onto LB agar
medium supplemented with 5% pyruvate, and incubated for 48 h at 28°C. IJs were
stored at room temperature in 15 ml conical tubes lying sideways and filled with 8
ml of sterile water until usage.

Symbiosis Assay
The 17 calcofluor-binding mutants were tested in their ability to support
growth and reproduction of the nematode H bacteriophora NCI. Overnight bacterial
cultures were plated onto 47 mm Petri dishes, in triplicate, containing lipid agar
medium and grown for 72 h at 28°C. Approximately 10 to 15 axenic, surfacesterilized IJs were seeded onto each plate. For each experiment, triplicate plates
were seeded with each strain tested.

The plates were incubated at 28°C, and

nematodes from a single plate of each strain were harvested at 10,15, and 21 days.
Following incubation, IJs were extracted as described above. IJs were pelleted at
4,000 x g and resuspended in 1 ml sterile water. Approximately 6 to 8 aliquots of 5
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pi - 10 pi IJ suspension were placed onto a watch glass, and enumerated under a
dissecting microscope.

IJ numbers from the aliquots were averaged, and total

amount of IJs in the 1-ml suspension was determined.
Relative IJ Preference Tests
Relative IJ preference tests (Figure 2) were performed to determine whether
the IJs favor the wild type or a mutant as their symbionts. A colony of the primary
variant wild type was spread onto on one half of a lipid agar plate, and a colony of
the test mutant strain was grown on the opposing half, leaving a 1-cm line
uninoculated along the center of the lipid agar. The inoculated plate was incubated
at 28°C for 72 h and a bacterial lawn was produced on side of the plate.
Approximately 500 surface-sterilized axenic IJs were seeded onto the uninoculated
part of the lipid agar plate.

Once the water from the IJ suspension was fully

absorbed, the plate was incubated at 28°C for 15 days. Following incubation, the
lipid agar plate was observed under a dissecting microscope to determine where the
majority of the nematodes had grown.
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(A)

(B)

(C)

Figure 2. IJ relative preference test on lipid agar. (A) A colony of the
parental wild type was spread over half of the agar. (C) The test strain is
spread over the opposing half. After 72 h incubation, IJs are seeded onto
the uninoculated middle (B).
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In vivo Pathogenesis Assay
In vivo pathogenesis assays were performed to determine whether the
mutant bacterial-nematode complex was successful in killing insects in a modified
protocol by Bilgrami et al. (2006). The greater wax moth larva, Galleria mellonella,
was used as the standard insect model. The G mellonella larvae were purchased
from Grubco, Inc. (Hamilton, OH), and stored in wood shavings at room
temperature. Approximately 1,000 IJs containing mutant symbionts were added
onto 50 g of sterile sand moistened with 7 ml of sterile water. Twenty larvae were
added and incubated at room temperature. Insect mortality was monitored over
time for 72 h. The lethal times required to kill 50% (LT50) and 100% (LT100) of the
larvae were determined and compared to values for the parental wild type. Dead
insect larvae were observed in the dark for bioluminescence.
IJ growth inside of the insect cadavers was determined by obtaining the IJs in
a modified White trap (Lewis et al, 2002; White, 1927). Three dead larvae per set
were placed onto white traps to collect any IJs generated inside of the insects. White
traps were made inside of sterile glass Petri dishes filled with sterile water, and
containing a sterile watch glass inside. A filter paper was draped over the watch
glass, onto which the larvae were placed. The White traps were incubated in the
dark at room temperature. After 21 days, the water was collected from each white
trap and observed for the presence of nematodes.
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In vitro Pathogenesis Assay
A modified method of Clarke and Dowds (1995) was used to determine in
vitro insect pathogenesis with G mellonella larvae. Test cultures were grown in LB
broth overnight and diluted to an OD600 of 1 for standardization, and further diluted
104-fold. This final dilution tube contained approximately 10 cells/pl, and 10 pi of
this dilution was injected into the foot each larva using a sterilized 50 pi syringe
(Hamilton Company USA, Reno, NV). Each bacterial strain was injected into 20
larvae.

Wild type primary and secondary variant cells were used as positive

controls, while sterile LB was injected into the larvae as a negative control. The
injected larvae were incubated at room temperature and monitored for death every
6 h. The LT50 and LT100 values for each strain were determined and compared to the
values obtained with the primary and secondary variant wild types.

Molecular Biology Techniques
Genomic DNA Extraction - DNA was extracted via the cetyltrimethylammonium
bromide (CTAB) method (Murray and Thompson, 1980). Cells of overnight cultures
(2,000 pi) were harvested by centrifugation at 16,000 x g for 2 min and resuspended
in 567 pi 1 X TE buffer (10 mM Tris-Cl, pH 8.0,1 mM EDTA). Addition of 11 pi of 50
mg/ml lysozyme was followed by a 10-min incubation at room temperature. Thirty
microliters 10% SDS and 50 pi proteinase K (20 mg/ml) were added to the
suspension, which was mixed and incubated at 37°C for 20 min. Following addition
of 100 pi 5 M NaCl and 80 pi CTAB extraction buffer (2% CTAB, 1.4 M NaCl, 100 mM
Tris-Cl, pH 8.0, 20 mM EDTA, 0.2% B-mercaptoethanol), the mixture was incubated
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at 65°C for 10 min. Chloroform:isoamyl alcohol (24:1) was added to the mixture,
which was centrifuged for 10 min. The aqueous layer was collected, and 500 pi
phenol:chloroform:isoamyl alcohol (25:24:1) was added. After centrifugation for 10
min, 800 pi isopropyl alcohol was added to the aqueous layer and mixed by
inversion. After an overnight incubation at -20°C, the sample was centrifuged for 15
min at 4°C. The pellet was washed with 1,000 pi cold 70% ethanol, air dried, and
resuspended in 100 pi 1 X TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.5).
Plasmid Isolation - Cells were harvested from overnight cultures (4 ml) at 10,000 x
g for 2 min. Plasmids were isolated from the cells using the QIAprep Spin Mini Prep
Kit according to manufacturer's instructions (Qiagen Sciences, Valencia, CA).
Preparation of electrocompetent

cells - An overnight culture of E. coli DH5a was

subcultured in 50 ml LB broth at 37°C to an OD600 of 0.5 to 0.7. After chilling on ice,
the culture was centrifuged at 1,940 x g for 10 min at 4°C. The pellet was
resuspended in 10 ml cold 1 mM HEPES buffer, pH 7.0, and washed twice. The pellet
was resuspended with 5 ml cold 10% glycerol and centrifuged. After resuspension
in 500 pi of 10% glycerol, aliquots of 200 pi cells were stored at -80°C. P. temperata
cells were prepared in the same manner, except the cells were incubated 28°C.
Restriction

Fragment Length Polymorphism

(RFLP) - The calcofluor-binding

mutants were confirmed to be P. temperata by performing RFLP on the 16S rDNA of
each mutant. The 16S rDNA (100 ng) was PCR-amplified with 10 pM 27F and 1492R
primers (Table 2) and 1 X AmpliTaq Gold PCR Master Mix (Invitrogen), in a 25 pi
reaction. The thermal cycler parameters were 95°C for 5 min; 35 cycles of 94°C for
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30 s, 53°C for 30 s, and 72°C for 2 min; and a final elongation at 72°C for 5 min. PCR
products were purified through a spin column using a PCR cleanup kit (Qiagen).
The PCR products (100 ng) were digested with 10 U HaelU according to
manufacturer's instructions (New England Biolabs) at 37°C for 1 h.

Restriction

fragments were separated by gel electrophoresis on a 1% agarose gel in IX TAE
buffer. The resulting restriction fragment profiles for each mutant were compared
to the parental wild type profile.
Southern Hybridization
Southern hybridization was performed with the use of an Amersham
AlkPhos Direct Labeling and Detection System (GE Healthcare UK Limited,
Buckinghamshire, UK). A kanamycin-resistance gene probe was synthesized via
PCR with 100 ng pUB394 used as the template, 10 pM PT-KAN primer set (Table 2),
and 1 X AmpliTaq Gold PCR Master Mix (Invitrogen) in a 25 pi reaction. Thermal
cycler parameters consisted of 94°C for 2 min; 30 cycles of 94°C for 30 s, 57°C for 30
s, and 72°C for 1.5 min; and a final elongation at 72°C for 5 min. The probe was
labeled with alkaline phosphatase following manufacturer's instructions, and stored
in 50% (v/v) glycerol at -20°C.
Genomic DNA (5 pg) was digested with 10 U Nsil (New England Biolabs) and
50 ng pUB394 vector was linearized with 20 U Sad (New England Biolabs). Both
restriction digestions were performed according to manufacturer's instructions at
37°C overnight.

DNA fragments from the digested samples were separated via

electrophoresis in a 0.8% agarose gel in 1 X TAE buffer. Following electroporation,
the DNA was depurinated. Briefly, the gel was soaked for 10 min in 0.25 N HC1 with
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gentle agitation and rinsed with distilled water. The DNA was denatured by soaking
the gel in 0.5 M NaOH, 1.5 M NaCl for 20 min with gentle agitation, followed by a
rinse with distilled water. The gel was neutralized in 0.5 M Tris-HCl buffer (pH 7.0)
containing 3M NaCl for 20 min with gentle agitation, and equilibrated in 20 X SSC (3
M NaCl, 0.3 M sodium citrate, pH 7.0) for 5 min. A positively charged Hybond-N+
nylon membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK) was wetted
with distilled water and soaked in 20 X SSC for 5 min with gentle agitation. A
reservoir upward transfer system was assembled with the gel and membrane in 20
X SSC. DNA was transferred to the membrane overnight by capillary action.
The membrane was rinsed in 2 X SSC and baked at 80°C for 2 h. Prior to preheating the AlkPhos Direct hybridization buffer, 0.5 M NaCl, and 4% (w/v) blocking
reagent were added to the buffer.

The membrane was pre-hybridized in the

hybridization buffer at 65°C for 15 min in a hybridization oven. The labeled probe
(200 ng) was added to the buffer, and the membrane was hybridized overnight at
65°C in a hybridization oven. The membrane was washed twice in pre-heated
primary wash buffer [2 M urea, 0.1% SDS (w/v), 50 mM Na phosphate, pH 7.0, 150
mM NaCl, 1 mM MgCl2, 0.2% (w/v) blocking reagent) for 10 min at 65°C in the
hybridization oven. The membrane was further washed twice in secondary wash
buffer, pH 10.0 (50 mM Tris, 0.1 M NaCl, 2 mM MgCl2) with gentle agitation for 5 min
at room temperature. Approximately 3 ml of detection reagent was added to the
membrane for 5 min.

Once the excess detection reagent was drained, the

membrane was wrapped in Saran Wrap, and exposed to X-ray film for 15 min. The
film was developed in a dark room. Briefly, the film was placed in a developer
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solution (Kodak) for approximately 30 s. After rinsing in a tray of distilled water,
the film was placed in a fixer solution (Kodak) for 30 - 60 s. The film was rinsed
with distilled water and dried by hanging.
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Table 2. Primers used in this study
Primer

Gene0

Source or Reference

27F
1492R

Primer set (5'to 3')
F AGA GTT TGA TCA TGG CTC AG
R ACG GCT ACC TTG TTA CGA CTT

Universal 16s rDNA
Universal 16s rDNA

Weisburg, 1991
Weisburg, 1991

P9AB12

F CTT TAA CTT TCG TTG CCG CTG

pte4690

This study
This study

R GCTCACGCCGATAACAGTTAGC
P9AF12

F AGA ATT GTA TCC ATT CCC TTA TAC
R CTGTCAAGACGTAGCCACATAC

pte4771

This study
This study

P32E4

F GTGATGATTACCGCACAGAAGCAC
R GTG GCA CTG GGA TAA CAG GAG TTC

pte3828

This study
This study

P36B4

F CTA TTG TTG ATC ATT TTG GTG CTA
R ATA AGC GAT ACT GCT GCC ACT C

pte4406

This study
This study

P47H7

F CGG CAA TCC CTC CGC TAA TAC
R CTC AAT CGC TGA CGC TCA AGT C

pte4718

This study
This study

P60C8

F CCA GAA GAT TTG AAC AAG ATA TAG
R GGT CCA GTA GTT ATC CAA CCT

pte4773

This study
This study

P71H4

F TGGTTACAAAAATAGAGAAACGTG
R TGA AGA AGA AGC CAA GTT AAT TG

pte4077

This study
This study

9AF12 RT

F CAC GAT CTC CGT ATT ACA ACC
R AAA TAA TCT TCA GGT CAT GGA

Internal set of pte4771

This study
This study

Table 2 Continued
Primer

a

Primer set (5'to 3')

Gene0
Internal set of pte4406

Source or Reference
This study
This study

36B4 RT

F CAA CAG GTT CGG GTG GAG A
R AAG CCA CTG CCT AAC AGT AAT G

60C8 RT

F GAT GGC TGT AGC TCA GAC AAT AC
R CTT ATA TTC TTG ACA CCA ACT CG

Internal set of pte4773

This study
This study

71H4 RT

F GGC AAA GCA GTC GAA TAT CAC
R CTG TCA CAG CCT GTT TCT CAG

Internal set of pte4077

This study
This study

PT-KAN

F GTA AAC TGG ATG GCT TTC TTG CCG
R ATATCACGGGTAGCCAACGCTATG

Kanamycin resistance
geneofpUB394

Michaels, 2006
Michaels, 2006

M13R(-27)

GGA AAC AGC TAT GAC CAT G

Mini-Tn5

Ciche etal, 2001

M13 Forward (-20)
M13 Reverse

GTA AAA CGA CGG CCA G
CAG GAA ACA GCT ATC AC

A/-terminal coding
sequence of lacL gene

Invitrogen
Invitrogen

Gene locus tag designation (pte####) based on the P. temperata NC19 genome annotation as of November 2011.

Identification of the Site of the Transposon Insertion
The DNA regions flanking the mini-Tn5 insertion were retrieved via rescue
cloning (Ciche et al., 2001). Genomic DNA (10 pg) was digested with 10 U Nsil
according to manufacturer's instructions (New England Biolabs) overnight at 37°C.
The resulting fragments were self-ligated with 10 U T4 DNA ligase (New England
Biolabs) in a total 500-pl reaction overnight at room temperature. The ligated DNA
was concentrated by the addition of 50 pi of 3 M sodium acetate, pH 5.2, and 1,375
pi of 95% cold ethanol. The mixture was incubated at -20°C for 25 min, and
centrifuged at 16,000 x g for 15 min. Cold 70% ethanol (1,000 pi) was added to the
pellet and centrifuged at 16,000 x g for 10 min. Once the pellet was air-dried and
resuspended in 10 pi of sterile water, the concentrated ligation reaction was
electroporated into 200 pi electrocompetent E. coli DH5oc cells at 12,500 V/cm. SOC
medium (2% Bacto-tryptone, 0.5% yeast extract, 0.058% NaCl, 0.019% KC1, 0.2%
MgCl2-6H20, 0.49% MgS04-7 H20, 0.36% glucose) was immediately added, and the
electroporated cells were incubated at 37°C for 1 h. The cells were plated onto LB
medium supplemented with kanamycin (25 pg/ml) and incubated at 37°C for 48 h.
Overnight liquid cultures were grown from the resulting colonies. The plasmids
were

isolated

as

described

above

and

subsequently

visualized

via

gel

electrophoresis in a 1% agarose gel in 1 X TAE.

Gene Identification
The DNA flanking the mini-Tn5 present in the isolated plasmids from
electroporated cells was obtained for sequencing with the primer M13R (-27), as
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seen on Table 2. DNA sequencing was performed by the Hubbard Center for
Genome Studies (University of New Hampshire, Durham, NH) using the Applied
Biosystems BigDye Terminator Cycle Sequencing. The DNA sequences were
analyzed by comparison with the P. temperata NC19 genome annotated in RAST:
Rapid Annotation using Subsystem Technology (Aziz et al, 2008), using the Basic
Local Alignment Search Tool (BLAST) algorithm to identify the sequenced DNA.
Confirmation of Transposon Insertion Site
The insertion site of identified genes of interest was confirmed by a PCR
approach. Primers (Table 2) were designed with the NetPrimer software (PREMIER
Biosoft) that were specifically located beyond the predicted insertion site for each
gene (Integrated DNA Technologies, Coralville, IA). PCR was performed on 100 ng
mutant and wild type genomic DNA as template, 10 pM specific primers, and 1 X
AmpliTaq Gold MasterMix (Invitrogen) in a 25 pi reaction. The thermal cycler
parameters used for PCR with primer sets P71H4 and P36B4 were the following:
95°C for 5 min; 30 cycles at 94°C for 30s, 49°C for 30s, and 68°C for 5 min; and a
final elongation at 68°C for 5 min.

Thermal cycler conditions for primer sets

P9AF12 and P60C8 were as previously described, except that the annealing
temperature was at 48°C and elongation was 4 min long. Annealing temperature
used for primer set P32E4 was 56°C, and the elongation time was 5.5 min. For PCR
performed with the primer sets P9AB12 and P47H7, the annealing temperature was
set at 53°C, and the elongation time was 4 min. The PCR products were visualized
via gel electrophoresis in a 1% agarose gel in 1 X TAE. Product sizes from the
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mutants were compared to the wild type; mutants that presented larger fragments
than the wild type indicated the presence of the transposon.
RNA Extraction
RNA was extracted from test strains for gene expression studies. Bacterial
overnight cultures were subcultured in LB medium and incubated at 28°C until
reaching an OD600 of approximately 0.7. RNA extraction was performed with the
RNeasy Mini Kit (Qiagen Sciences, Valencia, CA), according to manufacturer's
instructions. Briefly, 500 pi diluted cell suspension was lysed with 1 ml RNAprotect
Bacteria Reagent, and 100 pi TE buffer with 1 mg/ml lysozyme. The lysate was
purified through a spin column and eluted in 50 pi RNase-free water. The extracted
RNA was purified in a 100 pi reaction with 5 U DNasel and 1 X DNasel buffer (New
England Biolabs, Ipswich, MA), and 200 U RNase Out (Invitrogen, Carlsbad, CA). The
reaction was incubated at 37°C for 30 min.

DNasel was inactivated with the

addition of 1 pi 0.5 M EDTA, pH 8.0 (Ambion, Inc., Austin, TX) and a 10-min
incubation period at 75°C. Purified RNA samples were stored at -80°C until further
use.

cDNA Synthesis and End-Point RT-PCR
cDNA synthesis was performed with the GoScript™ Reverse Transcriptase
System

(Promega

Corporation,

Madison, WI) according to

manufacturer's

instructions, using approximately 300 ng RNA and 0.5 pg random hexamers. The
RNA and random hexamers were denatured at 70°C for 5 min. Primer annealing
occurred at 25°C for 5 min, and extension was carried out at 42°C for 1 h. The
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reverse transcriptase was inactivated at 70°C for 15 min. Approximately 1 pg cDNA
template was used to determine mRNA expression through end-point PCR using
specific internal primers (Table 2), and 1 X AmpliTaq Gold MasterMix (Invitrogen)
in a 25 pi reaction. Thermal cycler parameters used for primer sets 36B4 RT and
71H4 RT were 95°C for 5 min; 30 cycles of 94°C for 30 s, 53°C for 30, and 68°C for
30 s; and a final elongation at 68°C for 5 min. PCR with primer set 60C8 RT was
executed as described above, except the annealing temperature was 49.5°C. The
annealing temperature for primer set 9AF12 RT was 48°C, and elongation was 45 s
long. PCR products were separated by electrophoresis in a 2% agarose gel in 1 X
TAE and visualized after staining with ethidium bromide.
Genetic Complementation
Genes of interest were amplified from the wild type via PCR with specific
external primers (Table 2). The amplified genes (150 ng) were cloned into a pCR2.1-T0P0

vector

using the TA TOPO Cloning kit (Invitrogen),

manufacturer's instructions.

following

Chemically-competent E. coli TOP10 cells were

transformed with the TOPO cloning reaction, and recovered with SOC medium at
37°C for 2 h. Transformed cells were spread-plated onto LB medium, supplemented
with kanamycin and 20 mg/ml X-gal, and incubated overnight at 37°C.
Positive colonies were grown overnight in liquid broth for plasmid isolation.
To determine the orientation of the insert, restriction digestion and sequencing
analyses were performed. For restriction analysis, restriction sites on the plasmids
were determined using the web-based software RestrictionMapper version 3
(http://www.restrictionmapper.org).

Approximately
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150

ng

plasmids

were

digested with 10 U Asel or 10 U Rsal, according to manufacturer's instructions (New
England Biolabs) for 2 h at 37°C.

Fragment sizes were determined via gel

electrophoresis in a 1% agarose gel in 1 X TAE. Sequence analysis was performed
with Invitrogen's primer set M13 forward (-20) and M13 reverse (Table 2) to
further confirm the insert orientation.
The confirmed genes were subcloned into an expression vector, pBAD18-Cm
(Guzman et al, 1995). The TOPO clone (1 pg) and 1 pg pBAD18-Cm were doubledigested with 20 U Xbal and 15 U Kpnl (New England Biolabs) following
manufacturer's recommendations at 37°C for 2.5 h. Digestion with those enzymes
allows the insert to be subcloned into the expression vector in the forward
orientation. To prevent self-ligation, the digested pBAD18-Cm plasmid was treated
with 1 U calf intestinal phosphatase (CIP), by New England Biolabs, and incubated at
37°C for 30 min. Bound CIP was removed with a spin-column using a PCR Cleanup
Kit (Qiagen).

A 5:1 insert-to-vector ratio ligation was performed with 50 ng of

pBAD18-Cm vector and 400 U T4 DNA ligase (New England Biolabs). The ligation
reaction was incubated overnight at room temperature. The reaction was purified
through a spin-column using a PCR Cleanup Kit (Qiagen) to remove salts from the
T4 DNA ligase buffer.

The construct (5 pi) was electroporated into 50 pi

electrocompetent E. coli DH5oc cells at 12,500 V/cm. Cells were recovered in 500 pi
SOC medium for 1 h at 37°C, and grown on LB plates supplemented with 25 pg/ml
chloramphenicol at 37°C overnight.

Putative transformants were isolated and

grown overnight at 37°C in LB broth for plasmid isolation. To verify the presence of
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the insert in the isolated plasmid, PCR was performed with primers specific to the
insert (Table 2).
Confirmed plasmids were used to transform P. temperata cells. Because of
difficulties transforming the mutant, the plasmid was first inserted into the parental
wild type P. temperata. Electrocompetent P. temperata NC19 1° cells (100 pi) were
electroporated with 100 ng plasmid. The cells were recovered in SOC medium for 2
h at 28°C, and subsequently cultured onto LB plates supplemented with 25 pg/ml
chloramphenicol.
plasmid

Transformants were grown in LB broth overnight at 28°C for

extraction. Purified

plasmids were

experiments with the mutants.
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used

in

electrotransformation

CHAPTER III

RESULTS

Identification of Calcofluor-binding Mutants
As a first step in this study to identify potential symbiosis mutants, a
previously generated transposon mutagenesis library of 10,000 mutants (Michaels,
2006) was screened for cell surface changes indicated by calcofluor dye binding.
Calcofluor white is a dye that fluoresces under UV light and binds to acidic residues
of exopolysaccharides of the cell surface (Leigh etal, 1985). The primary form of P.
temperata wild type did not bind to calcofluor, while the secondary form did (Figure
3). A liquid calcofluor-binding assay was performed and yielded 869 dye-binding
putative mutants, which were subsequently streaked onto LB agar supplemented
with calcofluor. At the first round of streaking, 158 of the 869 putative mutants still
fluoresced under UV light. After several rounds of isolation streaking for further
purification, only 17 mutants continued to form calcofluor-binding colonies. These
mutant strains were frozen in glycerol at -80°C until needed.
The 17 mutants served as the main subjects of this study. However, 5 of the
17 mutants showed colony variability after repeated use.

One colony variant

retained calcofluor binding, while the other did not. Mutant UNH3176 ceased to
bind to the dye completely. As a result, 11 mutants were identified as true
calcofluor-binding mutants: UNH9A72, UNH1892, UNH2033, UNH2202, UNH3616,
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UNH4115, UNH4363, UNH6032, UNH7138, UNH7188, and UNH8631. Colonies of
true calcofluor-binding mutants were less pigmented and generally smaller than the
primary wild type colonies, and only four mutants formed mucoid colonies (Table
3). All 17 mutants were confirmed to be Photorhabdus by restriction fragment
length polymorphism (Data not shown).
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(Ci

! ' • '

Figure 3. Calcofluor-binding mutants. Cells were grown in LB
medium supplemented with calcofluor. After 96 h, the plates
were observed under UV illumination. (A) Arrows show four
putative calcofluor-binding mutants during the screening
process. (B) Parental wild type in its secondary form binds to
calcofluor, while the primary form does not. (C) A confirmed
calcofluor-binding mutant (UNH4363).
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Table 3. Colony morphology of true calcofluor-binding mutants
Strain

Colony Morphology on PP3 Agar
Pigment

Size

Texture

WTNC19 1 0

Orange

Large

Mucoid

WT NC19 2°

Translucent light yellow

Large

Non-mucoid

UNH9A72

Dark yellow

Small

Mucoid

UNH1892

Translucent light orange

Large

Mucoid

UNH2033

Translucent light orange

Large

Mucoid

UNH2202

Translucent light yellow

Small

Non-mucoid

UNH3616

Dark yellow

Medium

Mucoid

UNH4115

Translucent light yellow

Small

Non-mucoid

UNH4363

Translucent light yellow

Small

Non-mucoid

UNH6032

Dark yellow

Small

Mucoid

UNH7138

Translucent light yellow

Medium

Non-mucoid

UNH7188

Translucent light yellow

Medium

Non-mucoid

UNH8631

Translucent light orange

Medium

Non-mucoid

Colony morphologies on PP3 agar. Pigment: colony color. Size: diameter of colonies
(Large) > 4 mm; (Medium) 2-3 mm; (Small) < 2 mm. Texture: (mucoid) sticky; (nonmucoid) non-sticky.
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Table 4. Colony morphology of phenotypically unstable mutants
Colony Morphology on PP3 Agar

Strain

Pigment

Size

Texture

WT NC19 1°

Orange

Large

Mucoid

WT NC19 2°

Translucent light yellow

Large

Non-mucoid

UNH9A241"

Orange

Small

Mucoid

UNH9A242

Translucent light yellow

Small

Non-mucoid

UNH31761'0

Translucent dark yellow

Large

Non-mucoid

UNH31762fa

-b

-b

—b

UNH3252 lfl

Orange

Large

Mucoid

UNH32522

Translucent light yellow

Small

Non-mucoid

Orange

Medium

Mucoid

UNH36192

Translucent light yellow

Small

Non-mucoid

UNH4791 10

Dark yellow

Small

Mucoid

UNH47912

Translucent light yellow

Small

Non-mucoid

UNH5505 -"

Orange

Large

Mucoid

UNH55052

Translucent light yellow

Small

Non-mucoid

UNH3619

10

1

1

Primary variant-like colonies
Secondary variant-like colonies
a
Does not bind to calcofluor
b
Ceased to grow
2

Colony morphologies on PP3 agar. Pigment: colony color. Size: diameter of colonies
(Large) > 4 mm; (Medium) 2-3 mm; (Small) < 2 mm. Texture: (mucoid) sticky; (nonmucoid) non-sticky.
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Physiological Characterization of Calcofluor-Binding Mutants
The calcofluor-binding mutants were further characterized phenotypically
(Table 5) to determine whether the mutations affected other phenotypes, as well as
to ensure that none had reverted to its secondary variant. For mutants that showed
mixed colony morphologies, phenotypic assays were performed on all colony types
(Table 6).
Dye-Binding - The mutants were tested for dye binding on MacConkey, NBTA, and
EB media. On MacConkey plates, the primary variant cells bound to neutral red and
produced red or purple colonies, while the secondary variant colonies were offwhite. The primary variant colonies had a green metallic sheen on EB and the
secondary variant colonies were purple.

Primary variant cells absorbed

bromothymol blue on NBTA medium, which resulted in green colonies, and
secondary variant colonies were red due to the reduction of triphenyltetrazolium
chloride present in the medium (Akhurst, 1980).
Patterns of dye binding of the mutants were varied, indicating that the
mutants had altered cell surfaces. Mutants were grouped based on their dye-binding
patterns (Table 5).

Group A consisted of mutants UNH9A72, UNH3616, and

UNH6032, which were the only mutants that bound to all three dyes. Although this
pattern was similar to the parental wild type, these mutants had a reduced level of
dye binding on MacConkey. Mutants belonging to Group B (UNH2202, UNH7138,
and UNH7188) did not bind to any of the three dyes, and had a pattern similar to the
secondary variant. Group C comprised of mutants UNH4115 and UNH4363, which
showed primary-variant traits on NBTA and EB media.
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Mutants UNH8632,

UNH1892, and UNH2033 were assigned to Group D. Mutant UNH8631 absorbed
bromothymol blue on NBTA medium but formed black colonies on EB medium, a
trait that was not observed for either primary or secondary variants.

Mutants

UNH1892 and UNH2033 also formed black colonies on EB medium, but did not bind
to dyes on NBTA and MacConkey agar (Table 5).
Of the five mutants that presented two colony morphologies, only mutant
UNH3619 showed a similar dye-binding patterns in both colony types (Table 6).
Both colony types formed from mutant UNH9A24 also bound to all three dyes, but
the secondary-like colony showed a reduced level of dye binding on MacConkey.
The primary-like cells of UNH3252 and UNH5505 bound to all three dyes, and their
secondary-like cells formed black colonies on EB medium and only bound to
bromothymol blue on NBTA medium. Mutant UNH4791 colony types were black on
EB medium and bound to the dye on NBTA agar. Its primary-like cells bound to
neutral red in MacConkey, while the secondary-like cells did not.
Extracellular Activity

- All 17 mutants were tested for extracellular enzyme

activities, including protease, DNase, lipase, siderophore, and hemolysin. Group B
mutants (UNH2202, UNH7138, and UNH7188) showed secondary-variant patterns.
In addition, mutant UNH2202 showed no protease activity (Table 5). Group A
mutants (UNH9A72, UNH3616, and UNH6032) presented the same patterns seen
with the parental wild type. The characteristics of Group C mutants (UNH4115 and
UNH4363) were mostly primary variant-like, except for the lower antibiotic activity.
Group D mutants UNH1892 and UNH2033 exhibited primary-like phenotypes,
except for the lack of antibiotic and siderophore activities.
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Group D mutant

UNH8631 did not present lipase activity, and its siderophore activity could not be
determined due to poor growth on CAS agar.
The secondary-like colonies of UNH3252, UNH3619, UNH4791, and
UNH5505 had reduced protease, DNase, siderophore, and antibiotic activities. The
secondary-like colony of mutant UNH9A24 did not present antibiotic activity. The
primary-like colonies of those mutants had reduced antibiotic activity, but
presented mostly primary-like characteristics (Table 6).
Antibiotic Activity - Antibiotic activity was assayed with Micrococcus luteus as the
indicator strain. The primary wild type showed antibiotic activity, while the
secondary did not. Group B mutants (UNH2202, UNH7138, and UNH7188) and two
Group D mutants (UNH1892 and UNH2033) showed no antibiotic activity. The
other six true calcofluor-binding mutants showed reduced antibiotic activity in
comparison to the primary wild type (Table 5). The five mutants that form variable
colony morphologies were also tested for antibiotic activity. All the light-pigmented
colonies presented lower antibiotic activity levels than their dark-pigmented
counterparts (Table 6).
Motility - The primary variant of Photorhabdus spp. is motile under oxic and anoxic
conditions, while the secondary form is generally motile only under anoxic
conditions (Hodgson et al, 2003).

In this study, the mutants were tested for

swimming and swarming motilities in the presence of oxygen. All mutants exhibited
smaller swimming rings than the primary wild type (Table 7). Most mutants also
showed smaller swarming rings than the primary wild type. Mutants UNH7138,
UNH7188, and the secondary-like colonies of UNH4791 and UNH5505 did not
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swarm.

The swarming rings of UNH1892, UNH2033, UNH3176, UNH3252,

UNH8631, and primary-like colonies of UNH3619 and UNH5505 were similar to the
primary wild type.
Growth Assay - To ensure that none of the true calcofluor-binding mutants had any
growth defects that could potentially affect symbiosis, a 24-h growth assay was
performed where mutants and the parental wild type were grown in LB broth and
lipid broth (Figure 4). The lipid medium was used for testing the mutants for
nematode growth. The secondary variant wild type has a faster growth rate than
the primary variant. All mutants, with the exception of UNH8631, showed growth
rates similar to the primary wild type in both LB and lipid broths.

UNH8631

exhibited slower growth rates on both liquid media.
Biofilm Formation - Biofilms are thought to be necessary for the colonization of
Photorhabdus in its nematode symbiont gut (An and Grewal, 2011; Amos et al,
2011; Jones et al, 2011). Because some cell surface components are involved in the
production of biofilm, all mutants were tested for biofilm formation via a bacterial
adhesion assay with crystal violet (Figure 5). As with the growth assay results, all
mutants showed similar biofilm formation amounts as wild type, except UNH8631,
which exhibited decreased biofilm formation.

49

Table 5. Physiological characterization of true calcofluor-binding mutants
Strain
WT NC19 1°
WTNC19 2 0
Group A
UNH9A72
UNH3616
UNH6032
GroupB
UNH2202
UNH7138
UNH7188
Group C
UNH4115
UNH4363
GroupD
UNH1892
UNH2033
UNH8631

Ln

o

a

Dye-Binding
Mac
NBTA

Antibiotic Activity
EB

Lipase

Extracellular Activity
DNase
Protease
2
4.5
1
3.5

Hemolysis

+
-

+
-

+
-

8
0

+
-

Sid
7
5

+/+/+/-

+
+
+

+
+
+

4,5
3.5
5

+
+
+

7
7
7

2
2
2

4
4.5
4

+
+
+

-

-

-

0
0
0

+
-

6
5
5

2
1
1

0
3
3

-

-

+
+

+
+

5
4.5

+
+

7
7

2
2

3
4

-

-

+

black
black
black

0
0
5

+
+
-

0
0
0°

2
2
1

4
4.5
4

+
+
+

+
-

No growth

MacConkey (Mac): (+) absorbs dye, red; (+/-) pink; (-) clear. NBTA: (+) absorbs dye, green; (-) reduces triphenyltetrazolium
chloride, red. EB: (+) absorbs dye, metallic green sheen; (-) purple. Antibiotic Activity: values indicate the radius (mm) of
zones of inhibition. Lipase: (+) lipase activity indicated by a clearing zone; (-) no lipase activity. Siderophore (Sid), DNase and
Protease: values indicate the radius (mm) of halo clearing around the colony. Hemolysis: (+) annular hemolysis; (-) no
hemolysis. Mutants were grouped based on dye-binding patterns.

Table 6. Physiological characterization phenotypically unstable mutants
Strain
WT NC19 1°
WT NC19 2°
UNH9A24L0
UNH9A242
UNH31761-0
UNH32521'0
UNH32522
UNH36191'0
UNH36192
UNH47911-0
UNH47912
UNH55051-0
UNH55052

Ln

1
2
a

Dye-Binding
NBTA
Mac
+
+
+/+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+

Antibiotic Activity
EB
+
+
+

black
+

black
+
+

black
black
+

black

Lipase
8
0
6,5
0
8
6.5
3
5
4
5
0
5.5
4

+
+
+
+
+
+
+
+
+
+
+
+

Extracellular Activity
Protease
Sid
DNase
4.5
7
4
3.5
2
5
4.5
7
3
4.5
7
3
4.5
4
5
4.5
0
2
3.5
0
2
4.5
7
4
3.5
5
3
4.5
5
3
3.5
3
5
4.5
7
3
3.5
5
3

Hemolysis
+
+
+
+
+
+
+
+
+
+
+
+

Primary variant-like colonies
Secondary variant-like colonies
Does not bind to calcofluor

MacConkey (Mac): (+) absorbs dye, red; (+/-) pink; (-) clear. NBTA: (+) absorbs dye, green; (-) reduces triphenyltetrazolium
chloride, red. EB: (+) absorbs dye, metallic green sheen; (-) purple. Antibiotic Activity: values indicate the radius (mm) of
zones of inhibition. Lipase: (+) lipase activity indicated by a clearing zone; (-) no lipase activity. Siderophore (Sid), DNase, and
Protease: values indicate the radius (mm) of halo clearing around the colony. Hemolysis: (+) annular hemolysis; (-) no
hemolysis.

Table 7. Motility characterization of calcofluor-binding mutants
Strain
24 h
18
WT NC19 1°
non-motile
WT NC19 2°
Group A
UNH9A72
12
UNH3616
10
UNH6032
10
Group B
UNH2202
7.5
UNH7138
10
UNH7188
9
Group C
UNH4115
5.5
UNH4363
5
Group D
UNH1892
17
UNH2033
15
2
UNH8631
Phenotypically unstable
UNH9A24i.°
20
UNH9A242
11
UNH31761"
11
UNH32521"
19
UNH32522
8
1
UNH3619 -"
13
UNH36192
12
UNH4791L«
19
UNH47912
11.5
UNH550510
19
UNH55052
2

Swarm

Swim
48 h
57
non-motile

24 h
20
non-motile

48h
85
non-motile

41
30
43

13
5
18

53
64
59

26
15
17

14
non-motile
non-motile

66
non-motile
non-motile

30
29

11
5

43
32

45
40
32

15
30
35

85
85
85

51
41
55
44
47
55
45
45
34
47
16

16.5
18.5
18.5
30
25
20
5
5
non-motile
26
non-motile

69
56
85
85
85
85
27
45
non-motile
85
non motile

1

Primary variant-like colonies
- Secondary variant-like colonies
a. Does not bind to calcofluor
2

Swim and swarm ring diameters (mm) were measured at 24 h and 48 h postinoculation. All mutants exhibited smaller swim rings than the primary variant wild
type. Of the 11 true calcofluor mutants, only UNH1892, UNH2033, and UNH8631
swarmed as much as the primary wild type. Mutants presenting two colony types
had their primary-like colonies swarm more effectively than their secondary-like
colonies, with the exception of UNH3252.
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Figure 4. Growth assays. (A) Growth of P. temperata mutants in LB broth. (B) Growth of P. temperata strains in lipid broth.
Mutant UNH8631 exhibited a slower growth rate than the primary variant wild type in both LB and lipid broths. Like
UNH9A72, all other mutants grew at a similar rate as the primary wild type. The secondary variant wild type exhibited a
faster growth rate than its primary counterpart in both media.
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Figure 5. Quantitative bacterial biofilm assay through crystal
violet binding. Average A595 was measured over a period of 24
h, 48 h, and 72 h. Both wild type variants showed similar
biofilm amounts. The only mutant that showed a decrease in
biofilm formation was UNH8631.
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Effect of Calcofluor-Binding Mutants on Symbiosis
The 17 calcofluor-binding mutants were tested for their ability to support
growth and reproduction of the nematode Heterorhabditis bacteriophora NCI in a
time-dependent, semi-quantitative study, as described in methods. Each mutant
was tested for symbiosis twice. Due to the complexity of the symbiosis assay, IJ
yields varied between each replicate set. Figure 6 shows representative results of
these experiments. The presence of the primary variant wild type cells caused a
dramatic increase in IJ numbers that peaked at day 15. A decrease in IJ numbers at
day 21 was observed and was most likely the result of scarcity of nutrients and
bacteria. IJs were unable to grow on secondary variant cultures.
For the calcofluor-binding mutants, several patterns were observed. For four
mutants (UNH9A72, UNH2202, UNH7138, and UNH7188), IJ yields were reduced 1
log or more than the parental wild type, and mutant UNH3616 also yielded fewer
nematodes than the wild type (Figure 6). UNH6032 is a representative mutant that
did not affect nematode yield, but had a slower rate over time (Figure 6). Mutants
UNH3176 and UNH5505 resulted in IJ numbers similar to the wild type, indicating
that these mutations did not affect symbiosis. Mutants UNH3252 and UNH8631
were incapable of growing on lipid agar plates.
The IJ numbers of the other seven mutants (UNH9A24, UNH1892, UNH2033,
UNH3619, UNH4115, UNH4363, and UNH4791) varied between each set by 10-fold.
In some sets, the IJ yields were similar to the parental wild type, while lower yields
were observed in other sets.
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An IJ relative preference test was performed to determine whether the IJs
favored the wild type or a mutant, as described on Figure 2.

All mutants were

tested against the parental wild type. For the five mutants that presented two
colony types, both colonies were tested against each other. In all cases, the IJs
preferred the parental wild type, as the majority of IJs grew where the parental wild
type was inoculated.

For the mutants with two colony types, the IJs showed

preference to the primary-like colonies.
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Figure 6. Representative number of IJs generated from calcofluor-binding mutants
after 10, 15, and 21 days. Axenic IJs were incubated on bacterial lawns on lipid agar
plates as described in methods.
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Insect Pathogenesis
In vivo Pathogenesis

- In vivo insect pathogenesis assay was used to assess the

virulence of mutants UNH2033 (Group D), UNH4363 (Group C), UNH6032 and
UNH3616 (Group A), and UNH7188 (Group B). These mutants generated enough IJs
for this study, and thus were the only ones tested. G. mellonella larvae were exposed
to nematodes containing the mutants and wild type bacteria. Insect mortality was
monitored, and the lethal times to kill 50% and 100% of the larvae (LT50 and LT100,
respectively) were determined (Table 8, Figure 7A). Since bioluminescence is a
primary variant wild type trait that occurs once the insect is dead, the dead larvae in
this assay were observed for bioluminescence. Once all larvae were dead, three
were placed into white traps for 21 days to determine whether nematodes were
able to develop inside of the insect (Table 8). On average, it took IJs containing the
primary wild type 24 h to kill 50%, and 35 h to kill 100% of the larvae, and
bioluminescence occurred once all the larvae were dead. Axenic IJs were able to kill
50% of the larvae in 216 h. The LT50 and LT100 of mutants UNH6032 and UNH7188
were similar to the wild type. Mutants UNH4363 and UNH3616 were delayed in
killing 50% of the larvae, and were not capable of killing 100% within 72 h. Mutant
UNH2033 killed all the larvae faster than the wild type.

All mutants except

UNH2033 and UNH7188 produced bioluminescence inside of the insect cadavers.
Interestingly, IJs were not able to grow in vivo with UNH2033 and UNH7188 as their
symbionts.
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In vitro Pathogenesis - To determine if the mutant mortality rates were attributed
to the nematode-bacteria complex or the bacteria alone, in vitro mortality assays
were performed. Approximately 100 bacterial cells of the primary and secondary
wild types, UNH3616, UNH4363, and UNH7188 were injected into each larva, and
insect mortality was monitored over time. Mutants UNH2033 and UNH6032 were
not used in this test because they did not show any delays in pathogenesis in vivo. As
expected, the secondary variant killed the larvae faster than its primary counterpart
(Table 8, Figure 7B). UNH3616 killed 100% of the larvae as fast as the secondary
wild type, implying that the low in vivo insect killing rates were attributed to a poor
nematode-bacteria response. UNH7188 showed insect mortality rates similar to the
primary wild type (Table 8, Figure 7B).
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Table 8. Characterization of in vivo and in vitro insect pathogenesis
Strain
WT NC19 1°
WT NC19 2°
UNH2033
UNH3616
UNH4363
UNH6032
UNH7188
Axenic IJs

LT50 (h)
22
nd
15
40
51
22
30
216

in vivo
LTioo (h)
33
nd
22
>72
>72
33
46
>300

Bioluminescence

in vitro
IJ Development
+

nd
+

+
+
-

LT50 (h)
45
35
nd
35
>72
nd
47
nd

LTioo (h)
50
45
nd
45
>72
nd
50
nd

+
+
+
+
-

nd Not determined
o

The LT50 and LTioo were determined for IJs containing the wild type, mutants, and axenic IJs. Once the larvae were
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Figure 7. Insect mortality rates. (A) ln vivo insect mortality. IJs containing UNH7188 cells killed all insect larvae at a similar
rate as the IJs containing primary variant wild type cells. IJs with UNH3616 cells were not able to kill all larvae within 72 h.
(B) In vitro insect mortality. When both wild type variants are injected into insect larvae, the secondary variant kills faster
than the primary variant. UNH7188 killed the insects as fast as the primary wild type. Surprisingly, UNH3616 killed larvae
at a similar rate as the secondary wild type.

Molecular Characterization of Calcofluor-Binding Mutants
All 17 mutants were analyzed at the molecular level to identify the sites of
mutation. The specific transposon-disrupted genes of 15 mutants were retrieved
via rescue cloning and identified in silico through BLAST analysis of the annotated P.
temperata genome (Table 9). All obtained sequences had at least 99% similarity to
the P. temperata genome, and an E value of 0.0. The mutated genes in UNH1892 and
UNH2033 had been previously identified through arbitrary-PCR (Janicki, Hurst, and
Tisa, unpublished data).

Three Group A mutants (UNH9A72, UNH3616, and

UNH6032) had inserts in genes associated with the cell surface. The insertion site in
UNH6032 was in the pte4773 gene that encodes the WblJ protein, a probable
lipopolysaccharide protein. Strain UNH9A72 was a lipid carrier mutant, and the
encoding gene pte4771 was downstream from pte4773. This gene was homologous
to plu4808, the wblF gene that is also a probable lipopolysaccharide biosynthesis
protein (Duchaud et al, 2003). Mutant UNH2202 from Group B had a mutation in a
cell membrane-associated gene. The transposon was inserted in pte3758, the
membrane fusion protein PrtC gene. UNH3616 had a mutation in a putative outer
membrane protein gene, pte4406.
Sequencing results showed that three pairs of mutants were equally affected
by the transposon insertion. Strains UNH1892 and UNH2033 from Group D were
both determined to have a mutation in pte2S52, which is homologous to the ngrk
gene that has been previously linked with Photorhabdus symbiosis with the
nematodes (Ciche etal, 2001). The other Group D member, mutant UNH8631, had a
mutation in a gene that encodes for a phosphoserine aminotransferase. Both Group
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C mutants (UNH4115 and UNH4363) had a mutation at the same site in pte4458, an
ATP-dependent protease HslV gene. Mutants UNH7188 and UNH7138 from Group
B had identical insertion sites in pte4077, which encodes a repressor protein that
has similarities with repressor CI.
The phenotypically unstable mutants had mutations in genes of diverse
functions. The disrupted UNH9A24 gene was pte4690, a selenocysteine-specific
translation elongation factor gene.

UNH3176 had a mutation in pte848, the

phosphogluconate repressor HexR gene. The transposon insert site in UNH3252
was in the carbamoyl-phosphate synthase large chain gene pte3828. The disrupted
UNH3619 gene was identified was a Mu-like virion morphogenesis protein
(pte3691). The identified UNH4791 gene pteAHQ encodes the DNA repair protein
RadC.

The UNH5505 mutated gene, pte4163, was identified as a hypothetical

protein with no homology to P. luminescens or P. asymbiotica.
Since four mutants (UNH9A72, UNH2202, UNH3616, and UNH6032) had
disrupted genes that were directly related to cell surface or cell membrane, they
became the major focus of the study. In addition, mutant UNH7188 was also further
analyzed due to poor symbiosis abilities, and because its mutated gene encodes a
repressor protein. To verify that the transposon had inserted only once in the
genome of each mutant, Southern analysis was performed. This method showed
that there was only one insertion site in each mutant (Figure 8). The insertion site
of each gene was confirmed through PCR with primers specific to each gene. The
PCR products from the mutants were significantly larger than the amplicons from
the wild type, indicating the presence of the transposon (Figure 9).
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In addition to confirming the insertion site of the five mutants of interest, the
same method was performed in three phenotypically unstable mutants that
presented two colony morphologies: UNH9A24, UNH3252, and UNH4791. Genespecific primers were used on gDNA from both colony types. In all three cases, the
resulting fragments from both colony types were the same size, and were larger
than the wild type fragment. Since one colony type resembles the primary wild type
and the other is similar to the secondary wild type, this data suggest that those
mutants have instability in regulating their phenotypic variations.
Expression studies through RT-PCR were performed in mutants UNH9A72,
UNH3616, UNH6032, and UNH7188. cDNA was synthesized with random primers
from the RNA extracted from the mutants. End-point PCR was carried out with
internal primer sets for each gene (Table 2). This study confirmed that those
mutants did not express their disrupted genes. UNH9A72, UNH3616, UNH6032, and
UNH7188 did not express pteMll,

pte4406, pte4773, and pte4077, respectively.

Since the lipid carrier gene, pte4771, is downstream of the WblJ gene, pte4773,
UNH6032 was tested for pte4771 expression. The mutant did synthesize transcript
from pte4771 (Figure 10).
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Table 9. Identification of transposon insertion sites
Mutant
Group A
UNH9A72

Gene0

plua or PAU°
Homologue

Insert Site

Predicted Gene Function

pte4771

plu4808
PAU_04322
plu0505
PAU.03859
plu4806

530
1036

Lipid carrier: UDP-N- acetylgalactosaminyl
transferase
Putative outer membrane protein

197

WblJ protein

plu0658
PAU_00608
plu4545
PAU_04046
plu4545
PAU_04046

1301

Membrane fusion protein PrtC

251

Similarities with repressor protein CI

251

Similarities with repressor protein CI

plu4762
PAU_04250
plu4762
PAU_04250

259

ATP-dependent protease HslV

259

ATP-dependent protease HslV

plu0992
PAU.00970
plu0992
PAU_00970
plul619
PAU 02831

197

4'-phosphopantetheinyl transferase [ngrA]

197

4'-phosphopantetheinyl transferase [ngrA]
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Phosphoserine aminotransferase

UNH3616

pte4406

UNH6032
GroupB
UNH2202

pte4773

UNH7138

pte4077

UNH7188

pte4077

pte37S8

ON

Group C
UNH4115

pte4458

UNH4363

pte4458

Group D
UNH1892"

pte2552

UNH2033"

pte2552

UNH8631

ptel241

Table 9 Continued

Mutant
Phenotypically Unstable
UNH9A24

ON

Gene"

plua or PAUa
Homologue

Insert Site

Predicted Gene Function

pte4690

plu4898
PAU_04384
plu2121
PAU_02444

617

Selenocysteine-specific translation
elongation factor
Phosphogluconate repressor HexR

plu0604
PAU_00562
plu3440

2638

plu4865
PAU_04372
None

332

UNH3176

pte0848

UNH3252

pte3828

UNH3619

pte3691

UNH4791

pte4718

UNH5505

pte4163

ON

0

766

358

989

Carbamoyl-phosphate synthase large
chain
Phage (Mu-like) virion morphogenesis
protein
DNA repair protein RadC
Hypothetical protein

Locus tag
b
Genes identified via arbitrary PCR.

The calcofluor-binding mutant genes disrupted by the transposon were identified. PAU and plu homologues correspond
to P. asymbiotica and P. luminescens, respectively.
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Figure 8. A single insertion of the mini-Tn5 transposon determined by Southern
hybridization, (a) Restriction digests of genomic DNA were separated via 0.8%
agarose gel electrophoresis, [b] Southern hybridization of capillary transferred
DNA. (A) pUB394 Sad; (B) wild type AfeiTI; (C) UNH9A72; (D) UNH2202; (E)
UNH3616; (F) UNH6032; (G) UNH7188.
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1

Figure 9. PCR with gene-specific primers showed the presence of the transposon in
mutants UNH9A72, UNH3616, UNH6032, and UNH7188. PCR product sizes were
compared to (A) 2-Iog DNA ladder (New England Biolabs). Mutant UNH9A72 (C) had
a band significantly larger than that of the wild type (B). The three other mutants
tested had results similar to UNH9A72.
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Figure 10. End-point PCR on cDNA showed the inability of mutants to transcribe
their disrupted genes. Internal pte4771 primers showed that both (B) the wild type
and (D) UNH6032 exhibited transcript, while (C) UNH9A72 did not. Expected
transcript sizes were compared to (A) 100 bp DNA ladder (New England Biolabs).
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Cell Surface Characterization via FT-IR
Since four mutants have mutations in cell surface-related genes, FT-IR was
used for evaluating potential cell surface changes. Wild type cells, and mutants
UNH9A72, UNH2202, UNH3616, UNH6032, and UNH7188 were analyzed in a FT-IR
spectrometer as described in the methods.
Naumann, 2006.

Peaks were assigned according to

Results showed slight differences in cell surface properties

between the primary and secondary variant wild types (Figure 11 A). Variability
between the primary and secondary variants was seen in the 2,959-2,850 cm"1
region, where fatty acids from phospholipids, polysaccharides, and some amino acid
side chains absorb.
Interestingly, mutant UNH7188 has a spectral pattern that resembles the
parental wild type, despite this mutant having mostly secondary-like phenotypes
(Figure 12B). Mutant UNH7188 differs from the secondary wild type at the fatty
acids region (2,959-2,852 cm 1 ), as well as at 3,200 cm 1 , which represents an amide
stretching of proteins. Mutant UNH9A72 also showed an overall pattern similar to
the primary variant wild type. The variation in amide components (3,200 cm 1 )
between UNH9A72 and the secondary wild type resembles that of the primary vs.
the secondary variant (Figure 11B). This mutant also presented a small difference
between both wild type variants at 1,470 cm 1 , which implies a change in fatty acids.
This mutant varies slightly from the primary variant wild type at 1,500 cm 4 , which
represents tyrosine amino acid side-chain vibrations. Unlike the aforementioned
mutants, UNH3616 did not significantly varied from both wild type strains at the
fatty acids region (Figure 12A). This mutant showed slight variances at the 3,200
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cm 1 region against the secondary variant wild type, and at 1,500 cm 4 against the
primary variant wild type. Both regions are associated with amide components of
proteins.
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Figure 11. FT-IR spectral scans of P. temperata wild type and UNH9A72 cells. (A)
Comparison of spectral patterns between primary and secondary wild type variants.
(B) Comparison of spectral patterns between UNH9A72 and wild type variants.
Peaks have been classified according to Naumann, 2006.
72

(A)
—WTNCISr
—

WTNC19 20
-UNH381S

—

Variance UNH3«1$
Variance f « UNH3616
Variance 2" vs UNH3616

0

(B)

3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 1000 800
Wavenumber {cm'}

WTNC19 1 0
WTNC19 2 i
UNH7188
Variance UNH7188
Variance 1"vsUNH7188
Variance 2' vsUNH7188

/

*

3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 1000 800
Wavenumber (cnrr1)

Figure 12. FT-IR spectral scans of mutants UNH3616 and UNH7188 cells. (A)
Comparison of spectral patterns UNH3616 wild type variants. (B) Comparison of
spectral patterns between UNH7188 and wild type variants. Peaks have been
classified according to Naumann, 2006.
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Genetic Complementation
Mutant UNH7188 was chosen for genetic complementation to show if the
putative CI repressor protein caused the mutant's various phenotypic changes.
Cloning of the pte4077 was performed as described in the methods. The resulting
construct for complementation was a 6.5 kb plasmid, pCFl (Figure 13).
construct features the full pte4077

The

sequence downstream from the artificial

promoter, and a chloramphenicol resistance gene.

pCFl was

successfully

electroporated into the parental wild type prior to its introduction into the mutant.
Although initially electrotransformation was successful in mutant UNH7188, the
cells did not retain the plasmid properly. After numerous transformation attempts,
pCFl isolation from the mutant was unsuccessful.
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multiple cloning site.
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CHAPTER IV

DISCUSSION

Semi-Quantitative in vitro Symbiosis Tests: An Informative Approach
A semi-quantitative approach was taken for the symbiosis assays in this
study, where IJs generated from the mutants were extracted and enumerated under
a dissecting microscope. This approach allowed for a more detailed analysis of each
mutant's performance in supporting nematode growth, as opposed to a qualitative
approach where symbiosis is evaluated solely on the presence of macroscopic white
masses of adult nematodes.

Because several recent studies have focused on

bacterial transmission in the nematodes, this is one of the few studies that were
based on an IJ quantitative approach (Amos etal, 2011; Easom et al, 2010, Jones et
al, 2010; Ciche et al, 2008). This study showed that most mutants were still capable
of generating IJs, and the IJ yields varied tremendously.

In addition, this study

allowed for observation of overall IJ health, since not all IJs generated from bacterial
mutants were healthy.

Mutants that yielded low numbers typically resulted in

smaller or dead IJs.
The drawback of the semi-quantitative approach is the inconsistencies of IJ
yields between sets, which can be attributed to a number of variables. The main
cause of variability was most likely due to enumeration accuracy for IJ seeding.
Since the IJs are surface-sterilized prior to seeding, only a small portion could be
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examined under the microscope for counting, and thus the starting number of
surface-sterilized

IJs could not be accurately determined.

Methods of IJ

enumeration in other recent studies were either different from the one used in this
work, or were not specified. The most similar used method entailed counting IJs
during a bacterial transmission study.

In that work, IJs carrying GFP-labeled

bacteria were observed and enumerated through fluorescence microscopy (Easom
et al, 2010). A different method for quantifying IJs has been recently reported,
where plates seeded with nematodes were viewed on a daily basis under the
microscope (An and Grewal, 2010). The age and health of the nematodes and
bacterial cultures may have contributed to the variability of IJ numbers. Although IJ
stocks and bacterial cultures were only retained for a three-week period for this
study, older nematodes and bacterial cells generated lower yields of IJs. However,
the overall pattern observed allowed mutants to be grouped in three symbiosis
categories: defective, similar to wild type, and variable.
Defective Symbiosis Mutants - For this group, mutants in defective symbiosis
(UNH9A72, UNH2202, UNH3616, UNH7138, and UNH7188) consistently showed IJ
yields approximately 10-fold or more lower than the parental wild type.

As

expected, IJ relative preference studies showed that the IJs grew mostly on the
parental wild type side of the agar.

All three Group B mutants (UNH2202,

UNH7138, and UNH7188) were most likely in their secondary form, as they had
mostly secondary-like phenotypes. The poor ability of these mutants to support
nematode growth was probably due to the combination of their phenotypes, as
opposed to merely a cell surface change.
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Two Group A mutants also fell into the defective symbiosis mutant category.
With the exception of a lower antibiotic activity and an aberrant dye-binding on
MacConkey agar, UNH9A72 and UNH3616 presented mostly primary-like traits.
This suggests that these mutants' symbiosis defects can be attributed to cell surface
changes. Although five defective symbiosis mutants were identified through this
method, it is unknown which stage of the life cycle these mutations affected. A
bacterial retention study was attempted in this study, but results were inconclusive.
A bacterial transmission study would allow us to determine whether these mutants
can properly attach inside of the IJs, whether they can be properly transmitted from
adult to juveniles, and how long it takes for the IJs to regurgitate the bacteria. A
study by Ciche and Ensign (2003) examined those three factors by labeling
Photorhabdus with GFP and monitoring them through epifluorescence microscopy.
Results showed that Photorhabdus cells adhered to the anterior region of the
intestine.

For regurgitation rates, the IJs containing GFP-labeled bacteria were

incubated in insect hemolymph, and bacterial release was monitored over time.
After a 30-min lag, the IJs began to regurgitate the bacterial cells at a gradual rate for
more than 300 min (Ciche and Ensign, 2003).
Symbiosis Mutants Similar to the Parental Wild Type - Three mutants (UNH3176,
UNH5505, and UNH6032) consistently yielded similar IJ numbers to the parental
wild type. Although these mutants showed no differences in IJ yields, IJs showed
preference to the parental wild type. Unlike the defective symbiosis mutants, these
data suggest that the three mutants lack wild type aspects that are not essential, but
advantageous for nematode growth. The three mutants in this category presented
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mostly primary-like phenotypes.

Although UNH3176 and UNH5505 might be

phenotypically unstable, most of their resulting colonies corresponded to the
primary wild type, and thus did not affect nematode growth.

UNH6032 was

phenotypically similar to Group A mutants UNH9A72, but did not have any
detrimental effects on symbiosis.
Variable Symbiosis Mutants - The 7 variable symbiosis mutants (UNH9A24,
UNH1892, UNH2033, UNH3619, UNH4115, UNH4363, and UNH4791) at times
showed IJ yields as low as the defective mutants, and as high as the wild type in
other instances. Three of those mutants (UNH9A24, UNH3619, and UNH4791) were
phenotypically unstable. The large variability in IJ yields was probably related to
which phenotypic variant had predominantly grown on the lipid agar plates. IJ
yields were most likely lower when the secondary-like colonies were the dominant
variant in the culture. This was supported by IJ preference test results, where
mutant colony variants were tested against each other. In all cases, IJs showed
preference to the primary-like colony variant.
As with all mutants, IJs preferred the wild type instead of the other four
variable symbiosis mutants, which were not phenotypically unstable.

Group C

mutants UNH4115 and UNH4363 were identical mutants that were variable in
symbiosis. With the exception of neutral red-binding on MacConkey agar and
defective hemolysis activity, all of their phenotypes were primary-like. Since the
wild type yielded less IJs when the starting nematodes and bacterial cells were
older, it is possible that those conditions had a more dramatic drop in nematode
yields in the presence of UNH4115 and UNH4363 due to their mutations. A study
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where the nematode and bacterial health are more closely monitored could shed
some light into this IJ yield variability phenomenon.
The ngrA Mutants - The IJ yield variability from UNH1892 and UNH2033 could also
be a dramatic result of the overall health of the cultures. Interestingly, both were
ngrA mutants, and their phenotypes coincided with a previous study on an ngrA
mutant (Ciche et al, 2001). In Ciche's study, these mutants lacked siderophore and
antibiotic activities, which were linked with the mutant's lack of nematode growth
support. Unlike in the previous study, both UNH1892 and UNH2033 mutants were
able to generate IJ yields comparable to the parental wild type at times. In addition,
dye-binding patterns in this study differed from those of Ciche's previous study. In
the 2001 study, the ngrA mutant bound to the dyes present in MacConkey, EB, and
NBTA media. Mutants UNH1892 and UNH2033 did not bind dyes in MacConkey and
NBTA media, and formed black colonies on EB agar. Due to these dye-binding
differences, it is possible that the transposon insertion sites in our mutants were
different from the mutant from the previous study. A different insertion site could
also account for the IJ number discrepancies between the two studies.

Some Mutants Support IJ Growth in vitro But Not in vivo
Interestingly, mutants UNH2033 and UNH7188 were shown to generate IJs
on lipid agar plates, but were unable to support IJ growth inside of Galleria
mellonella larvae. The lipid agar medium is rich in nutrients to sustain nematode
growth. In addition, a very large number of bacterial cells are available for the
nematode as a food source. Symbiosis inside of an insect host presents many
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challenges in which the bacterial-nematode complex does not face when grown in
vitro, such as invading the insect immune system, insect bioconversion, and keeping
away any other insect scavengers. The lack of antibiotic activity in UNH2033 and
UNH7188 might play a role in the nematode inability to grow inside an insect. Even
though in vivo symbiosis tests require more time and resources, they should be
coupled with the preliminary in vitro symbiosis data to provide a better
understanding on how the bacteria and nematodes interact in nature.

Mutations Also Affected Bacterial Pathogenesis
In addition to being a variable symbiosis mutant, UNH4363 was also a
delayed pathogenesis mutant. Since it showed a delay in pathogenesis both in vivo
and in vitro, it can be implied that the mutation in UNH4363 negatively affects
pathogenesis. This mutation has the potential of providing another link to the
Photorhabdus role as a nematode symbiont and as an insect pathogen. Previous
studies have shown that certain genes affect both symbiosis and pathogenesis in
Photorhabdus, such as the pbgPE operon, which is involved in 0 antigen
biosynthesis and production of L-arabinose (Bennett and Clarke, 2005). Another
study has reported the gene exbD to play a role in both pathogenesis and symbiosis
(Watson et al, 2005). The gene product ExbD is part of the TonB complex, which
assists in siderophore uptake (Watson etal, 2005).
Mutant UNH3616 presented delayed pathogenesis in vivo, but not in vitro.
This implies that its mutation did not affect its virulence factors, but affected its
ability to colonize inside of the nematode. A possible explanation is that UNH3616
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had a defect in a signal production that allows for nematode regurgitation. If the
first step in getting the bacterial cells out into the hemolymph is affected, then a
delay in insect killing is expected.

Calcofluor-Binding and FT-IR Data Indicate Cell Surface Changes
Calcofluor white has high affinity to polysaccharides, chitin, and cellulose
(Wood, 1980). Since Photorhabdus is a gram-negative bacterium, it is likely that the
dye binds to LPS components. It may bind to the core polysaccharide and/or the 0antigen, which is another polysaccharide chain. If calcofluor has any affinity to
amino sugars, then it may also bind to a portion of the lipid A. Since chitin is
composed of N-acetylglucosamine (NAG), calcofluor white may have some binding
affinity to peptidoglycan, as one of its components is also NAG. A previous study has
shown differences in the conformation and composition of outer membrane
proteins of primary and secondary variant cells (O'Neill et al. 2002). Those changes
in outer membrane proteins could also account for the calcofluor-binding affinity to
secondary variant cells.
Studies with bacteria have used calcofluor-biding as a tool to identify
mutants in exopolysaccharide (EPS) production.

Rhizobium studies with EPS

mutants showed that calcofluor-binding is an effective way of identifying different
EPS types (Glucksmann et al, 1993). Rhizobium secretes an acidic EPS that binds
calcofluor. Analysis of this type of EPS showed that it is the same type secreted by
other gram-negative organisms such as E. coli (Glucksmann et al, 1993). It has been
previously reported that the Photorhabdus primary variant produces a thicker
82

glycocalyx than the secondary variant (Forst et al, 1997).

This difference in

glycocalyx production might be the reason why calcofluor only binds to the
secondary variant cells.
FT-IR analysis helped elucidate differences between the two variants, what
kind of cell surface changes occurred in mutants of interest, and how they might
relate to calcofluor

dye-binding. Primary and secondary variants

showed

differences in fatty acids from phospholipids, polysaccharides, and some amino acid
side chains. This indicates that the primary and secondary variants either differed
in cell wall composition or in exopolysaccharides.
Most of the differences seen mutants UNH9A72 and UNH7188 were also in
the fatty acids region. However, both mutants showed similarities with the primary
variant in that region, as opposed to the secondary variant. Since those mutants
bind to calcofluor, these data imply that there may be other cell surface differences
that could not be detected through FT-IR. Mutant UNH3616 presented differences
in regions associated with amide components of proteins, which can be attributed to
a cell surface protein. Although this study showed slight differences in cell surface
components between both wild type variants and mutants, a more detailed cell wall
analysis would have to be performed to identify individual cell surface components
that have been affected by mutations or phenotypic variation.

Molecular Characterization
The primary objective of this study was to identify and understand cell
surface properties in P. temperata that are required for symbiosis with the
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nematode. Since the bacterial-nematode interaction is complex and most likely
involves a multitude of traits and mechanism, screening the transposant library for
cell surface changes was appropriate. The P. temperata genome is approximately 5
Mb, and thus a library of 10,000 transposants theoretically provides 2 X coverage.
However, transposon insertion sites are not random. A study has shown that the
Tn5 consensus target recognition is 5'-AGNTYWRANCT-3', where N is any base, Y is
either T or C, W is either A or T, and R is either A or G (Goryshin et al, 1998). Due to
the transposon specificity, it is likely that the P. temperata genome has hot spots
where the transposon is more likely to insert
Out of thel7 mutants, three pairs had mutations in the same gene. Mutants
UNH7138 and UNH7188 were retrieved from the same plate, and therefore are
most likely siblings. Mutants UNH4115 and UNH4363 had a disruption in pte4458
at the same site. The nucleotide sequence around that site is 5'-AGGTAACGGCG- 3',
where 8 out of 11 nucleotides match the consensus target sequence.

Mutants

UNH1892 and UNH2033 were the third identical pair. The nucleotide sequence
around the insertion site is 5'-TGGCTAAGGCA-3', where 7 out of 11 nucleotides
match the consensus target sequence. Since the insertion sites of these disrupted
genes closely match the consensus target sequence, those insertion sites may be hot
spots in the genome.
Southern analysis of six mutants showed that there was a single insertion in
each genome. In addition, Southern analysis done during previous studies with this
library (Michaels, 2006; Rowedder, 2009) also showed single insertions in the
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mutants tested. These results show that more than one insertion per mutant was
highly unlikely to have occurred.
Cell Surface Alterations Show Detrimental Effects on Symbiosis - Four identified
genes were directly linked with cell surface changes. UNH3616 had a mutation in a
putative outer membrane protein, which has a 99% similarity to the outer
membrane usher protein FimD found in E. coli. This protein is involved in the
assembly of adhesive type 1 pili, which are required for bacterial invasion and
persistence in target cells (Nishiyama et al, 2005). A mutation in the FimD protein
could explain the symbiosis defects of UNH3616. If this mutant cannot properly
assemble type 1 pili, it is unlikely that UNH3616 cells can properly attach to the
nematodes.
A previous study has found that defects in the mad fimbrial locus cause
Photorhabdus to become incapable of adhering to the nematode gut cells
(Somvanshi et al, 2010). Mutations in the mad locus did not affect dye absorption,
swimming and swarming motility, antibiotic activity, and production of lipase and
biofilm (Somvanshi et al, 2010). The mutation in UNH3616 also showed no effects
on those phenotypes.
In the same previous study, it was also determined that mad genes did not
affect pathogenesis. Somvanshi and colleagues performed in vitro injections of the
mutants in Manduca sexta larvae, and no significant differences in insect mortality
were observed.

Those previous results also coincide with the pathogenesis data

acquired in this study with UNH3616. Based on the comparison with studies done
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on mad locus and FimD, it is possible that the disrupted gene in UNH3616 encodes
for another protein required for Photorhabdus transmission.
Mutant UNH2202 had a mutation in a membrane fusion protein PrtC, which
is related to the type 1 secretion membrane fusion protein HlyD found in other
Enterobacteriaceae members. In E. coli, HlyD is required for secretion of HlyA, a
hemolytic toxin (Pimenta et al, 2005).

The mutation of UNH2202 can therefore

account for its lack of hemolysin and protease activities assayed on agar plates.
Since PrtC is not a global regulator, this mutation further indicates that UNH2202
was in its secondary phenotypic variation, as PrtC is unlikely to be the cause of all of
the phenotypic changes seen in this mutant.
Mutants UNH9A72 and UNH6032 had mutations in genes belonging in the
same operon, which consists of genes that encode for proteins involved in
lipopolysaccharide biosynthesis. Polysaccharides are typically assembled on a lipid
carrier by sequential transfer of monosaccharides from nucleotide sugars by
glycosyltrasferases (van Kraneburg et al, 1999). The UNH9A72 disrupted gene
encoded for a lipid carrier used for polysaccharide assembly with an UDPacetygalactosaminyltransferase.

The UNH9A72 gene is homologous to the WblF

protein in P. luminescens, which is a probable lipopolysaccharide biosynthesis
protein. The UNH9A72 disrupted gene is therefore likely to be involved in the
biosynthesis of a lipopolysaccharide composed of galactose, which is directly linked
with a cell surface component mutation.
The

WblJ

protein

from

UNH6032

has

similarities

with

ExoA, a

glycosyltransferase involved in succinoglycan biosynthesis (Saxena et al, 1995).
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Succinoglycan is an acidic polysaccharide that has been linked with Rhizobium
mellioti, and its presence is indicated by calcofluor-binding.

Rhizobium ExoA

mutants were shown to be incapable of forming symbiosis with its plant host
(Glucksmann et al, 1993). Interestingly, a succionoglycan mutation in P. temperata
did not seem to have any impacts in the cells' ability to form symbiosis with its
nematode host.
One of the most interesting mutants was UNH7188, which had a mutation in
a Cl-like repressor protein whose function has not been determined. Although it
may not be directly linked with cell surface properties, this repressor may play a
role in phenotypic variation based on its pleiotropic effects on UNH7188. This
repressor is not part of an operon, and is homologous to other hypothetical
repressors from P. luminescens, P. asymbiotica, Xenorhabdus nematophila, X. bovenii,
Proteus mirabilis, and Yersinia spp.

A transcriptional analysis study on a

Photorhabdus variant showed that the CI repressor and other regulators are
transcribed at lower levels in the secondary variant (Lanois et al, 2011). This
further suggests that the CI repressor is involved in phenotypic variation. Genetic
complementation on UNH7188 would provide valuable information about this
repressor, and potentially more insights on phenotypic variation and symbiosis.
Some Regulatory Genes may Cause Phenotypic Variation Instability - Although
not the focus of this research, the six phenotypically variable mutants were briefly
characterized.
colonies.

Six out of the 17 calcofluor-binding mutants grew as variable

Since the secondary variant is more suitable to living under stress

conditions, it is likely that certain mutations promote the primary variant to revert
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to its secondary counterpart, which may have been the case with
aforementioned

mutants.

The phenotypically unstable mutants

the

presented

mutations in genes that were either regulatory or related to amino acid or
carbohydrate synthesis.
UNH9A24 had a mutation on a gene that encodes the selenocysteine-specific
elongation factor SelB.

Selenocysteine is found in several enzymes, and its

elongation factor is required for the delivery of selenocystenyl-tRNA to the
ribosome (Atkinson etal, 2011). The disrupted gene of UNH3252 encodes the large
subunit of the carbamoyl-phosphate synthase.

Carbamoyl phosphate is an

intermediate of the arginine and pyrimidine biosynthetic pathways (Nyunoya and
Lusty, 1983). A defective ability to synthesize pyrimidine and the amino acid
arginine could account for this mutant's inability to grow on lipid agar. Mutant
UNH3176 had a mutation in the repressor HexR, which is homologous to the rpiR
gene found in E. coli. The gene product, RpiR, regulates rpiB expression. The rpiB
gene product is the ribose phosphate isomerase B, which coverts ribose-5phosphate into ribulose-5-phosphate in the pentose phosphate pathway (Sorensen
and Hove-Jensen, 1996). UNH4791 had a mutation in the radC gene, which encodes
for the RadC DNA repair protein. RadC is involved in DNA repair that is associated
with the replication fork, particularly in cells that are grown in rich media (Saveson
and Lovett, 1999). A previous study in Xenorhabdus bovienii showed that the RecA
DNA repair protein is not involved in phenotypic variation (Pinyon et al, 2000).
Based on the previous study, and on the UNH4791 phenotypes observed, it is also
unlikely that RadC plays a role in phenotypic variation.
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Mutants UNH3619 and UNH5505 had mutated genes of unknown functions.
The UNH5505 disrupted gene encodes for a hypothetical protein that is located next
to other hypothetical proteins for which there are no other closely-related genes.
UNH3619 had a disrupted gene that encodes for a virion morphogenesis protein.
The gene has similarities with putative phage head morphogenesis proteins found
in E. coli and Salmonella enterica, but the function of those genes are also currently
unknown. Although none of the genes mentioned in this section are likely to be
involved in phenotypic variation, it is possible that mutations in those genes made
the cells more sensitive to stress, hence the phenotypic variability seen in the lab.
Although

mutants

UNH8631, UNH4115,

and

UNH4363

were

not

phenotypically unstable mutants, they were shifted from the main research focus
due to several phenotypes they exhibited.

Mutant UNH8631 had growth defects

and a mutation in a gene that encodes for phosphoserine aminotransferase. As with
UNH3252, an altered ability to synthesize an amino acid explains this mutant's
inability to grow on lipid agar, and accounts for its growth delays in liquid LB and
lipid broth. Mutants UNH4115 and UNH4363 showed symbiosis variation, and had
a mutation in a gene that encodes for the ATP-dependent protease HslV. This
protease functions with ATPase HslU, and together they form an ATP-dependent
protease complex (Rohrwild et al, 1996). HslV-HlsU is involved in the degradation
of damaged proteins during heat-shock (Rohrwild et al, 1996).

Although a

mutation in the HslV gene cannot be directly linked with symbiosis defects or
calcofluor-binding, the gene downstream is predicted to be menA, which encodes for
a membrane-bound protein that is required for menaquinone biosynthesis (Suvarna
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et al, 1998). If menA expression was affected in this mutant, it could explain why
calcofluor bound to its cell surface.

Significance
Screening the library for cell surface mutations via calcofluor dye-binding
allowed for the identification of 17 mutants, including six that are phenotypically
unstable. Although not the focus of this research, the initial characterization of the
phenotypically unstable mutants done in this study suggests a more detailed
investigation with those mutants to further our understanding of phenotypic
variation.
This is has been one of the few studies that have extensively attempted to
quantify IJ yields generated from test strains. Testing calcofluor-binding mutants
for symbiosis allowed for the identification of five defective symbiosis mutants, and
seven variable symbiosis mutants. This study showed more links between bacterial
cell surface and symbiosis with nematodes. All four transposants with mutations in
cell membrane- or surface-associated genes were defective in symbiosis. FT-IR
analysis showed slight changes in their cell surfaces. Scanning electron microscopy
on those four mutants could provide some visual information on their cell surface
changes.
In addition, we may have found another gene involved in phenotypic
variation,

the

putative

CI

repressor

(pte4077).

A successful

genetic

complementation of mutant UNH7188 is essential for determining the role of
pte4077 in both symbiosis and phenotypic variation. It has been previously shown
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that the CI repressor is transcribed at lower levels in secondary variants (Lanois et
al, 2011). Therefore, another attempt to understand the role of the putative CI
repressor in phenotypic variation would be to transform the secondary variant P.
temperata NC19 and overexpress pte4077.
Testing the mutants for insect pathogenesis also provided invaluable
information on symbiosis. In vivo pathogenesis tests showed that some bacterial
mutants that are able to support nematode growth on lipid agar cannot support
nematode growth inside of insect larvae. In vivo pathogenesis tests coupled with in
vitro tests showed that a mutant was capable of killing insects at a wild-type rate
when directly injected into the insect, but was delayed in pathogenesis when
introduced into the insect naturally through nematodes. This research provided
and confirmed essential data to further our understanding on the PhotorhabdusHeterorhabditis symbiosis.
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SPECIFICITY BETWEEN PHOTORHABDUS AND HETERORHABDITIS

Introduction
The bacteria-nematode interaction does not seem to be obligate for
Photorhabdus, as the bacteria grow readily in the laboratory. For the nematode, this
interaction is obligate.

Heterorhabditis nematodes are not able to grow in

laboratory media without the presence of the bacterial symbiont. However, the
presence of bacterial symbionts is not enough as a nutrient source for nematode
growth, since nematodes cannot grow in LB agar with bacteria, but will grow on
lipid agar with their symbionts (Waterfield et al, 2009). In addition, nematodes can
only develop with viable bacteria, which indicates that the bacteria actively produce
specific nutrients for the nematodes (Goodrich-Blair and Clarke, 2007).
The

Photorhabdus-Heterorhabditis

symbiosis

is

highly

specific.

P.

luminescens strains have been isolated from H. bacteriophora and H. indica, while P.
temperata strains are mostly found in H. bacteriophora and H. megidis nematodes
(Fischer-Le Saux et al, 1999). P. asymbiotica forms symbiosis with H gerrardi
(Gerrard et al, 2006).

Although the mechanisms for specificity are not fully

understood, it is believed that part of the specificity involves the nematodes'
immune system.

Photorhabdus cells with mutations in the pbgPE operon are

thought to be unable to resist the nematodes CAMP-like proteins that are part of the
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nematodes' innate immune system (Bennet and Clarke, 2005; Froy, 2005).
Therefore, the nematodes might select for specific bacteria based on the bacterial
ability to overcome the nematodes' immune system.
A study by Gaudriault et al. (2006) identified genomic regions in
Photorhabdus that may be involved in nematode specificity. P. temperata XINach is
typically isolated from H. megidis, and P. luminescens TT01, P. luminescens Hb, and P.
temperata CI are found in H. bacteriophora. Whole genome comparison between
these Photorhabdus strains showed that the Isi locus was not present in P. temperata
XINach, but was present in the three H bacteriophora symbionts. The Isi locus is
involved in quorum sensing, and thus it is suggested that this locus is involved with
H. bacteriophora interactions (Gaudriault etal, 2006).
In this study, P. temperata NC19 mutants were assessed in their ability to
support growth and reproduction of the nematode H. bacteriophora NCI.
determine the nematode specificity in this study, the effect of

To

different

Photorhabdus strains on H. bacteriophora NCI growth was assessed.

Materials and Methods
Bacterial

Strains and Growth Conditions - For this study, P. temperata, P.

luminescens, and P. asymbiotica strains were used (Table 10). Cells were grown and
maintained in LB medium at 28°C.

Phenotypic Characterization

- Phenotypic assays were performed to characterize

each bacterial strain.
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Dye-Binding - Photorhabdus strains were tested for differential dye-binding
on MacConkey, EB, and NBTA, as previously described.
Extracellular Enzyme Activity - The calcofluor-binding mutants were tested
for DNase, protease, lipase, and hemolysis activities as described previously in this
study.
Symbiosis

Tests - Axenic IJs were obtained by growth in the presence of P.

temperata Meg/1, and were surface-sterilized in 2% bleach as previously described.
Overnight bacterial cultures of Photorhabdus strains were plated, in triplicate, onto
47 mm Petri dishes containing lipid agar medium and grown for 72 h at 28°C.
Approximately 10 to 15 axenic, surface-sterilized IJs were seeded onto each plate.
The plates were incubated at 28°C, and nematodes from a single plate of each strain
were harvested at 10,15, and 21 days. Following incubation, IJs were extracted and
enumerated as previously described.
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Table 10. Bacterial and nematode strains used in this study
Strain or Plasmid
Bacterial Strains
Photorhabdus temperata
NC19 1° (ATCC29304)
Meg/l a
K122
NCI
Photorhabdus luminescens
TT01
Hm
HP88
W14
Photorhabdus asymbiotica
ATCC
Nematode Strain
Heterorhabditis bacteriophora
Q

Used to generate axenic IJs

Genotype or Relevant Characteristics

Source or Reference

Wild type; primary variant; H bacteriophora isolate
Wild type; primary variant; H. megitis isolate
Wild type; primary variant
Wild type; primary variant; H. bacteriophora NCI isolate

Fischer-Le Saux, 1999
Poinar etal, 1987
Griffin etal, 1991
Bowen and Ensign, 2001

Wild type; primary variant; H. bacteriophora HP88 isolate
Wild type; primary variant; Heterorhabditis sp. isolate
Wild type; primary variant; H. bacteriophora HP88 isolate
Wild type; primary variant

Fischer-Le Saux, 1999
D. Bowen
D. Bowen
R. ffrench-Constant

Wild type; primary variant; clinical specimen

American Type Culture
Collection

Strain NCI; P. temperata symbiont

P.Stock

Results
Phenotypic Characteristics - The phenotypic assays showed some dye-binding and
extracellular enzyme activity variability between strains (Table 11).
Dye-Binding - All Photorhabdus strains, except P. luminescens TTOl, bound to
neutral red and produced red colonies on MacConkey agar. On EB, P. luminescens
TTOl and P. asymbiotica formed black colonies, while the other strains colonies had
a green metallic sheen. P. temperata K122 cells formed orange colonies on NBTA,
and P. luminescens Hm colonies were red due to reduction of triphenyltetrazolium
chloride present in the medium. All other cell strains absorbed bromothymol blue
on NBTA medium, which resulted in green colonies.
Extracellular Enzyme Activities - All strains showed lipase and hemolysis
activities. P. temperata strains NC19 and NCI presented equal DNase and protease
activities, while P. temperata K122 exhibited higher activity of both enzymes. DNase
and protease activity levels varied between the P. luminescens strains.

P.

luminescens strains TTOl, HP88, and Hm presented lower protease activity than any
other Photorhabdus species tested, and P. luminescens W14 had the lowest protease
activity level of all strains. P. luminescens HP88 and W14 showed similar DNase
activity to P. temperata NC19, while P. luminescens TTOl and Hm had lower DNase
activity. The P. asymbiotica strain used in this study exhibited higher DNase and
protease activities than P. temperata NC19.
Symbiosis

Tests - IJ yields generated from each strain were determined and

compared to each other (Figure 14). Although IJs grew in larger numbers in the
presence of P. temperata NCI, the nematodes grew well in the presence of NC19.
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The other P. temperata strain, K122, was not as effective in supporting nematode
growth.

Although some nematodes were generated in the presence of P.

luminescens W14, all the nematodes were dead. As expected, IJs were not capable of
growing in the presence of the other P. luminescens strains, nor with P. asymbiotica.
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Table 11. Physiological characterization of various Photorhabdus strains
Strain
Mac
P. temperata
NC19
NCI
K122
P. luminescens
TTOl
Hm
HP88
W14
P. asymbiotica
ATCC43949

Dye-Binding
NBTA

EB

Lipase

+
+
+

+
+
+

2
2
3.5

1.5
1.5
2.5

+
+
+

+
+
+
+

1
1.5
2
2

1
1.5
1.5
<1

+
+
+
+

+
+
+

orange

+
+
+

+
+
+

black

+

+

black

+
+

Extracellular Enzyme Activity
DNase
Protease

+
+
+

Hemolysis

2.5

MacConkey (Mac): (+) absorbs dye, red; (+/-) pink; (-) clear. NBTA: (+) absorbs dye, green; (-) reduces
triphenyltetrazolium chloride, red; (orange) forms orange colonies. EB: (+) absorbs dye, metallic green sheen; (-) purple;
(black) forms black colonies. Lipase: (+) lipase activity indicated by a clearing zone; (-) no lipase activity. DNase and
Protease: values indicate the radius (mm) of halo clearing around the colony. Hemolysis: (+) annular hemolysis; (-) no
hemolysis.
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All IJs were non-viable.

Figure 14. Number of IJs generated from Photorhabdus strains after 10, 15, and 21
days. Axenic IJs were incubated on bacterial lawns on lipid agar plates as described
in methods. IJ growth and development was strain-specific.
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Discussion
H. bacteriophora NCI IJs showed preference to P. temperata strains NC19 and
NCI. Both P. temperata strains are thought to be identical (Gauldriault et al, 2005).
Interestingly, IJ yields generated from P. temperata NCI were almost 10-fold higher
than yields from P. temperata

NC19.

These results indicate that there are

differences between the two strains that were not detected through phenotypic
assays. The only difference between the strains observed in this study was that NCI
formed lighter pigmented colonies than NC19 on LB agar.

A whole genome

comparison of the two strains could help identify genetic differences between them.
IJs grew in lower numbers in the presence of the third P. temperata strain K122,
likely due to bacterial cell surface properties. This strain formed orange colonies on
NBTA, which implies that there the K122 cell surface differs from NCI and NC19. It
is possible K122 cells cannot attach and persist in the IJ gut as effectively as NCI and
NC19.
As expected, IJs were not able to successfully grow and develop in the
presence of other Photorhabdus species. P. luminescens and P. temperata are found
in different H. bacteriophora strains, and P. asymbiotica has only been isolated from
H. gerrardi nematodes (Fischer-Le Saux et al, 1999; Gerrard et al, 2006).

P.

luminescens HP88 and W14 strains showed similar phenotypic patterns as P.
temperata strains NCI and NC19. However, the phenotypic assays performed in this
study cannot distinguish between possible nutrients that the bacterial cells can
provide to the nematodes. IJs were able to resume their developmental stages in the
presence of P. luminescens W14, but eventually died. P. luminescens W14 cells
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generated non-viable adult and IJ nematodes, which indicates that W14 cells could
not

provide

reproduction.

necessary nutrients

for

proper

nematode

development

and

A bacterial retention study should be performed in nematodes

exposed to W14 cells to determine if the bacteria are capable to colonize the IJs. The
findings in this study confirmed nematode specificity by showing that H.
bacteriophora NCI IJs grow and develop more effectively in the presence of P.
temperata NCI and NC19 strains.

110

